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Interleukin-17 (IL-17) is a cytokine that may cross the blood-brain barrier to
promote inflammation and participate in the formation of lesions in patients with multiple
sclerosis, where recurrent inflammatory attacks lead to oligodendrocyte loss, loss of
axons, and ensuing neurological infirmities. Studies have indicated that the levels of IL-
17 mRNA are elevated in the cerebrospinal fluid of multiple sclerosis (MS) patients, and
microarray analysis of MS lesions show elevated levels of IL-17 transcripts. In this study
we set up an in vitro system to examine the role of IL-17 on oligodendrocyte precursor
cell (OPC) proliferation and their differentiation into mature oligodendrocytes (OLs).
OPCs were treated with increasing doses of IL-17 (0.03 nM, 0.1 nM, 0.3 nM, 0.9 nM) in
the presence of PDGF and FGF, and the effect on proliferation was assessed by BrdU
uptake. The results show that while IL-17 alone had nominal mitogenic effect on OPCs it
promoted growth factor induced proliferation (p<0.0001). Interestingly, the effect on
proliferation was only seen at low doses of IL-17, whereas at high doses, the cytokine

inhibited OPC proliferation. IL-17 did not have any significant effect on OPC

il



differentiation in culture. All together these results show a dose-dependent effect by IL-
17 on OPC proliferation. Additional experiments will be important to further elucidate

the role of IL-17 on the oligodendrocyte lineage formation.
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INTRODUCTION

Glial cells represent a substantial part of the central nervous system (CNS), where
they participate in various aspects of development, regulation, and maintenance
(Baumann and Pham-Dinh 2001). Oligodendrocytes are the myelinating glial cells in the
CNS that wrap the axons with laminar processes of the plasma membrane to form myelin
sheaths (Nave and Trapp 2008). The multi-spiraling myelin formations protect axons and
aide in the conduction of action potentials along the axonal projections of a nerve cell
(Nave and Trapp 2008; Emery, 2010). Disruptions of this complex system and
subsequent loss of the myelin sheath around the axons in demyelinating diseases such as
MS can cause various complications and disorders (Siffrin et al., 2010). Thus, it is critical

to get further insights on the regulatory mechanisms of these processes.

Heterogeneity of Multiple Sclerosis

Multiple Sclerosis (MS) is a disease where recurrent inflammatory attacks lead to
myelin loss in the CNS (Siffrin et al., 2010). Several genetic investigations have indicated
the role of a number of factors whose combined effects may result in a higher
susceptibility to the pathogenesis of MS (Lock et al., 2002; Sadovnick et al., 1996;
Bomprezzi et al., 2003). Analyses using a spectrum of immunological as well as
neurobiological markers of the demyelinating MS lesions, have reported variegated
structural as well as immunological changes that may give insights into mechanisms
contributing to the development of MS (Lucchinetti et al., 2000). It has been found that,

in the early stages of MS, demyelination occurs in conjunction with the destruction of



other lesional tissues such as axons, OLs, and astrocytes (Ozawa et al., 1994; Lucchinetti
et al., 1996)

This is consistent with profiles of MS lesions showing variation and heterogeneity
in lesions among MS patients, as well as within the same patient (Lucchinetti et al., 2000;
Soldan and Rodriguez, 2002). For instance, demyelination can primarily occur with little
or minor loss of OLs; or it may occur simultaneously with a major loss of OLs or be
secondary to a prior degeneration or cessation of OLs (Lucchinetti et al., 1996). Some
episodes of demyelination occur in the early stages (>1year of MS onset) of MS; some
occur in the late and chronic stages (< 1 year of onset of MS and relapses) of MS
(Lucchinetti et al., 1996; Ozawa et al., 1994). MS lesions are also characterized by their
state of demyelination (Ozawa et al., 1994). Lesions that have active demyelination are
termed “active lesions” and those that have a cessation of demyelination are called silent
or inactive lesions (demyelination has already occurred) (Ozawa et al., 1994; Mews et al.,
1998). It has been shown that these lesional patterns of MS could possibly occur as a
result of activated macrophages (Lassmann et al., 2000) and microglia (Sriram and
Rodriguez, 1997), or by interference from viruses or exposure to toxins (Itoyama et al.,
1980). Reactive oxygen species or nitrogen species (Bagasra et al., 1995) as well as
cytokines (Hofman et al., 1989; Selmaj et al., 1991) have also been implied in the
development of MS. However, it is not known which pathway contributes to which
lesional pattern or the exact mechanisms by which these factors contribute to the
pathogenesis of MS.

Despite the heterogeneity of MS lesions, a loss in OLs in patients with a long term

progression of the disease is common (Lassmann et al., 1997). Furthermore, MS lesions



have varying degrees of OL loss, and subsequently, varying degrees of remyelination. In
lesions with remyelination some of the functional deficits caused by demyelination are
restored depending on their OL density (Lassmann et al., 1997). However, the myelin
sheaths formed during instances of spontaneous remyelination in MS lesions tend to be

thinner than average (Franklin and ffrench-Constant, 2008; Figure 1).

OPC development in CNS

Oligodendrocyte precursors cells (OPCs) are generated during early embryonic
development from neuroepithelial cells in the ventricular zone (Hardy and Reynolds
1991; Reynolds and Wilkin 1988; Anderson et al., 2001; Levinson and Goldman 1993).
These cells have the ability to proliferate, and migrate throughout the CNS before they
lose motility and differentiate into mature OLs (Baumann and Pham-Dinh 2001). OPCs
are immature cells characterized by distinct neuronal cell bodies with bipolar morphology
that can be induced to proliferate and mature into postmitotic OLs extending laminar
processes (Figure 2A). Different repertoires of growth factors are amplified in the CNS
depending on whether the OPCs are induced to proliferate or differentiate (Baumann and
Pham-Dinh 2001; Noble et al., 2003; Barres et al., 1994). For instance platelet-derived
growth factor (PDGF), an OPC survival factor, and fibroblast growth factor (FGF) have
been identified as mitogens for inducing a restricted number of OPC cell divisions
(McKinnon et al., 1990; Grinspan and Franceschini 1995; Ecclestion and Silberberg
1984). In addition, it has been found that the differentiation of OPCs can be triggered by
thyroid hormone, retinoic acid, or mitogen withdrawal, like PDGF (Tokumoto et al.,

1999)



The cell identity of oligodendrocytes is associated with a correlative change in
the expression of antigens present on the cell surface, as well as phase marker proteins,
indicating shifts in proliferative and migratory abilities and stages of maturation
(Baumann and Pham-Dinh 2001) (Figure 2B). Classic markers of the OPC stage include
platelet derived growth factor receptor o (PDGFR- o) and monoclonal antibodies such as
04, A2B5, all of which are down-regulated as the cell initiates differentiation (Baumann
and Pham-Dinh 2001) (Figure 2B). Typical markers of OL maturation include the
expression of the proteolipid protein (PLP) gene, myelin basic protein (MBP) and,
galactocerebrosides (GalC) (Figure 2B) (Baumann and Pham-Dinh 2001). All of these
markers can be detected on mature OLs prior to their initiation of myelination and during
myelination (Baumann and Pham-Dinh 2001). In addition, myelin oligodendrocyte
glycoprotein (MOG) is used as a marker for the late stages of OL maturation (Baumann
and Pham-Dinh 2001). This is located on the surface of OLs and on the plasma
membrane of their multilaminar extensions (Brunner et al. 1989; Solly et al., 1996).
Mature OLs are vital for preventing or eradicating the lesions produced in the early stages
of MS, given that they remyelinate axons that have been initially demyelinated (Siffrin et
al., 2010). Conversely, the ability to generate new myelin forming OLs is greatly reduced
in cases of MS and contributes to further degeneration for the duration of the disease

(Siffrin et al., 2010).

Oligodendrocytes in MS
Relying on DNA fragmentation experiments and utilizing immunocytochemisrty

for markers of MOG, Ozawa et al demonstrated that in the early onset of MS there was a



lack of fragmented DNA in the OL nuclei in the active demyelinating lesions, when
compared with the normal white matter, indicating a prevalence of OLs despite
demyelination (Ozawa et al., 1994). Using in situ hybridization they also found a
prevalence of the MOG expressing myelinating OLs over that of the non-myelinating
OLs with the PLP expression (Figure 2B). This finding demonstrated that in the early
stages of MS remyelination had not yet begun in the active demyelinating lesions (Ozawa
et al., 1994). On the other hand, in the late stages of MS there are significant amounts of
fragmented DNA in the nuclei of OL located near the lesional borders of the active
demyelinating lesions (Ozawa et al., 1994). Furthermore, in the late stages of MS there is
a predominance of non-myelinating OLs containing the PLP mRNA over that of MOG
positive myelinating OLs within the demyelinating lesions, which indicates an initiation
of remyelination (Ozawa et al., 1994) (Figure 2B).

Several studies have demonstrated the presence of OPCs that were O4 positive
and GalC negative within the lesions of patients with chronic MS. In addition, very few
lesions contained GalC positive mature OLs, in accordance with the studies of Ozawa et
al (Wolswijk, 1998; Ozawa et al., 1994). Other studies have also suggested an abundance
of precursor oligodendrocytes in the early stages of MS (Raine et al., 1981). However,
Wolswijk determined that the proliferative capabilities of OPCs within these lesions were
halted since very few OPCs expressed the Ki-67 antigen (Wolswijk 1998). Taken
together the studies indicate that in the late stages of MS there is an absence of mature
OLs within lesions, while OPCs remain with diminished proliferative capabilities.

The presence of an assortment of pathological and immunological qualities of

MS lesions may contribute to the inhibition of remyelination. Various reports implicate



the role of macrophages in clearing myelin debris formed after demyelination (Kotter et
al., 2005). Moreover, studies indicate that an accumulation of macrophages may render
OLs susceptible to the toxins released by macrophages, such as reactive oxygen species
(ROS) (Griot et al., 1990; Bagasra et al., 1995). Other studies have suggested that over-
expression of myelin-related proteins as a result of infections or virus could be culprits in
demyelination, hindering the formation and function of OLs (Inoue et al., 1996b; Kagawa
et al., 1994). It has been noted that over-expression of myelin proteins such as proteolipid
proteins in transgenic mice cause OL apoptosis during their active phase of myelination

(Kagawa et al.,1994; Inoue et al., 1996b;Readhead et al., 1994).

Cytokines role in Demyelination and Myelination Processes

Several cytokines have been shown to have atypical expression in cases of MS,
suggesting that they may also play a role in regulating the oligodendrocyte lineage (Kadi
et al., 2006; Hofman et al., 1989; Selmaj et al., 1991; Lund et al., 2004; Calderon et al.,
2006; Filipovic et al., 2003). The studies of Kadi et al using immunolabeling and ELISA
demonstrated that chemokines such as growth regulated oncogene alpha (GRO-a,),
inerleukin-8 (IL-8), and alpha chemokine stromal cell-derived factor (SDF-1a) increase
the synthesis of MBP in a dose-dependent fashion in OLs, subsequently increasing
myelin formation in cultures, while also inducing the proliferation of mouse
oligodendrocyte precursor-like cell lines (Kadi et al., 2006). In addition to the studies
performed by Kadi et al, Robison et al demonstrated that GRO- a promotes the

proliferation of spinal cord OPCs (Robinson et al., 1998).



Selmaj et al and Navikas et al have noted an increased expression of lymphotoxin
and tumor necrosis factor alpha (TNF-a) in brain lesions and in the mononuclear cells of
MS patients (Selmaj et al., 1991; Canella et al., 1994; Navikas et al., 1996).
Morphological studies by Selmaj et al have shown that lymphotoxin affects OL cell
processes as well as induce nuclear degeneration in OL cultures (Selmaj et al., 1991).
Additional T —cell products such as perforin and TNF have been shown to induce damage
to OLs (Paintlia et al., 2011; Selmaj and Raine, 1988; Scolding et al., 1990), diminishing
the ability of these cells to form myelin. Pantlia et al describes the synergistic effect of
TNF-a and IL-17 on inducing oxidative stress-induced cell death in OPC-like cells, while
Selmaj and Raine describe the TNF-a induced morphological damage in mouse spinal
cord OLs (Paintlia et al., 2011; Selmaj and Raine, 1988). In contrast to the effect of TNF-
a described above, Arnett et al has shown that TNF-a promotes the proliferation of OPCS
and subsequent remyelination of axons (Arnett et al., 2001). Supporting this Agresti et al
found that TNF-a alone did not inhibit OPC proliferation (Agresti et al., 1996).

Interferon-y (IFN-y) is another major cytokine known to have elevated levels of
mRNA in MS lesions (Woodroofe and Cuzner 1993). It has been shown that IFN-y has
the capacity to reversibly hamper the proliferation of rat OPCs, with these effects being
potentiated by TNF-a (Agresti et al., 1996). IFN-y has also been noted to inhibit OL
differentiation (Agresti et al., 1996), and more importantly inhibit OL remyelination in
MS, thus impairing the conduction of impulses along the axon causing further
neurological symptoms. Understanding the factors that regulate OPC proliferation and
subsequent differentiation is crucial in understanding their inability to remyelinate and

the steps required to repair and renew myelination after extensive demyelination (Siffrin



et al., 2010). Our present study focuses on determining the role of Interleukin-17 on OPC

proliferation and subsequent differentiation.

Interleukin-17 and Multiple Sclerosis

Notably, in MS patients IL-17 mRNA has been found in excess in mononuclear
cells in blood and cerebrospinal fluid (Matusevicius et al.,1999), and significantly
expressed in MS lesions (Tzartos et al.,2008), suggesting that it may cross the blood brain
barrier to induce the formation of lesions in cases of MS (Matusevicius et al.,1999). In a
recent study using primary OPC cultures, immunocytochemistry, and antibodies for IL-
17R, Paintlia et al demonstrated the expression of the IL-17R receptor on OLs. This
excess of [L-17 in MS lesions may play a role in the subsequent loss of OLs as the

disease progresses.

IL-17 Cytokine

IL-17, a pro-inflammatory cytokine was first cloned in 1993 by Rouvier et al and
was originally called cytotoxic T lymphocyte-associated antigen-8 (CTLA-8) (Rouvier et
al., 1993). Furthermore, sequencing of the human genome resulted in the discovery of
more members of this 30-35 kDa polypeptide, which were appropriately named IL-17B
to IL-17F (Chabaud et al., 2001; Paradowska et al., 2007). These proteins are potentially
secreted as a mix of ungylcosylated or glycolsyated heterodimeric polypeptides (Fossiez
et al., 1996). The members of the IL-17 family each have varying patterns of expression

suggesting that their biological roles are distinct (Paradowska et al., 2007; Tablel). Our



focus is on IL-17 A (also known as IL-17), which is known to be produced by natural
killer cells and CD4+ T cells (Th17-T helper cells) originally discovered in mouse
models (Miossec et al., 2009;Paradowska et al., 2007).

Studies have shown that TGF-f as well as IL-6 are required for CD4+T cells to
differentiate (McGeachy et al., 2007; Korn et al., 2009). IL-17 may in turn induce the
secretion of other soluble cytokines such as IL-6, or IL-8, in stromal cells and human
keratinocytes (Fossiez F, et al., 1996; Teunissen et al., 2010), as well as upregulate the
secretion of several other cytokines such as, granulocyte colony-stimulating factor (G-
CSF) , IL-1B, and TNF-a from stromal cells, epithelial cells and macrophages (Fossiez F
et al., 1996; Kotake et al., 1999:Paradowska et al., 2007; Lubberts et al., 2001; Jovanovic
et al., 1998). Furthermore, IL-17 is regulated by other cytokines, including IL-15 and IL-
23 which may work to promote the survival and subsequent production of IL-17
(Ziolkowska et al., 2000; Iwakura and Ishigame 2006). IL-17 may also act
synergistically with TNF-a to induce inflammatory responses in the joints and the

destruction of cartilage (Paradowska et al., 2007; Zwerina et al., 2007).

IL-17(IL-17A) Receptor

The type I transmembrane protein receptor for IL-17 (IL-17R) has an extracellular
domain of 293 amino acids in length, a transmembrane domain of 21 amino acids, and a
cytoplastic tail that is 525 amino acids in length (Paradowska et al., 2007 ; Kolls and
Linden, 2004). Studies have shown that the IL-17R mRNA can be detected in several
tissue types, including B and T cells, fibroblasts, and stromal cells (Silva et al., 2003). In

addition others studies have detected the IL-17R protein directly, in human vascular
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endothelial cells and peripheral blood T cells (Moseley et al., 2008). Chromosome
mapping and genetic studies have identified an additional four receptors, showing

varying expression (Paradowska et al., 2007).

IL-17 in disease

Cells of the innate immune system are the initial route of resistance against
pathogens, and cytokines produced by this system help regulate the differentiation of
helper T cells (Miossec et al., 2009). IL-17, in particular, helps in regulating both
immune response and inflammatory response (Paradowska et al., 2007). Despite this
benefit, it is also thought to be a key player in the progression of several autoimmune
diseases, such as inflammatory bowel diseases (Fujino et al., 2003), psoriasis (Lowes et
al., 2008), and rheumatoid arthritis (Hwang and Kim 2005). In cases of rheumatoid
arthritis, a autoimmune disease characterized by cartilage destruction and the subsequent
inflammation of joints, IL-17 has been found in excess in synovial fluids and in
synovium (Ziolkowaska et al., 2000), and thought to induce the production of MMP-1
and MMP-13 collagenases associated with matrix and bone destruction (Cai et al.,2001).
Based on the role of IL-17 in disease and the findings that the expression is increased in
MS lesions, in this study we examine the effect IL-17 has on OPC proliferation and

differentiation.
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Figure 1. Demyelination in MS.

A, Taken from Franklin and ffrench-Constant 2008. Representative schematic of
demyelination in MS, showing the thinner myelin sheaths in remyelination B, Taken
from Franklin and ffrench-Constant 2008. Thin sections of embedded fixed tissue from
adult rat brain white matter in resin examined by light microscopy, showing normal
myelinated axons, demyelinated axons, and the thinner myelin sheaths of remyelinated
axons.
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Figure 2
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Figure 2. Oligodencrocyte Morphology and cell identity.

Oligodendrocyte precursor cell (OPC). A, Taken from O’Meara et al., 2011.
Representative schematic of an OPC, a glial cell in the CNS while in the progenitor or
precursor stage- prior to and after differentiation into the myelin producing mature
Oligodendrocytes(OL), Taken from Lyssiotis et al., 2007. Phase bright image of OPC
showing its simple bipolar morphology, immunohistochemical image of differentiated
OLs with extend laminar projections. Immunohistochemistry was performed using MBP
(Alexa546)/DAPI) of Oligodendrocyte precursor cells (OPCs) differentiated for 5 days
and cultured in N2B2 +T3 (Triiodothyronine). OPC stages of development B, Taken
from Baumann and Pham-Dinh 2001. Representative schematic showing morphological
and antigen progression during the developmental stages of OPCs with boxes
surrounding the stage specific markers, RNA is italicized.



Cytokines Other names Chromosomal Homology of Major Functions
location murine to
human(%)
1L-17 IL-17A,CTLA- 6pl2 62 Stimulated epithelial, endothelial, and
8 fibroblastic stromal cells, inflammation, bone

metabolism

IL-17B CX1 5q32-34 88 Induce IL-6 in human foreskin firboblast,
cytokine secretion, induce TNF-a and IL-1B
from a monocyte line

IL-17C CX2 16q24 83 Induce TNF-a and IL-1p from a monocyte
line, induce IL-6 in human foreskin
fibroblasts, regulation of Th1 cytokines

IL-17D IL-27 13ql1 78 Cytokine secretion

IL-17E IL-25 14q11.1 81 Induce production of IL-8, regulator of Th2
response

IL-17F ML-1 6pl2 77 Regulation of Th1 cytokines

Table 1

IL-17 family of cytokines and their major functions (Paradowska et al., 2007)
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AIMS OF THESIS

Cytokines are a large part of the innate immune system, forming precise networks that
not only regulate the immune response but can act as paracrine and autocrine mediators
regulating the function of cells in the CNS (Mizuno et al., 1994). Recently, several
studies sampling the products of inflammatory cells have indicated that cytokines may
play an important role the pathogenesis of inflammatory diseases (Selmaj et al., 1991;
Fujino et al., 2003; Lowes et al., 2007; Hwang and Kim 2005). In particular an
abundance of IL-17 mRNA has been found in the active lesions of patients with multiple
sclerosis: a demyelinating disease characterized by chronic inflammation (Tzartos et al.,
2008). IL-17 may have a direct impact on the OLs in patients with MS, and disturb their
normal function. The goal of this thesis project was to elucidate the role of the IL-17
cytokine on regulation of cortical oligodendrocyte lineage.

Aims of this thesis project were to:

a) Determine the effects that progressive doses of IL-17 have on the proliferation of
OPCs. To this end, we used OPCs prepared from rat cortical neurons. We
assessed proliferation by BrdU incorporation. It was found that IL-17 promoted a
growth factor mediated induction of OPC proliferation (p<0.0001), in a possibly
does-dependent manner.

b) Examine the role of IL-17 on the differentiation of OPCs into mature OLs. The
effect on differentiation was assessed by immunohistochemistry by detecting the
expression of MBP. Our experiments showed that OPC differentiation was not

affected in the presence of IL-17. Altogether the results from this study show that
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IL-17 induced OPC proliferation in a dose-dependent manner yet had no effect on

OPC differentiation into mature OLs
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MATERIALS AND METHODS

Materials

Purchases from Invitrogen-BRL included media for cell culture (MEM, F12), trypsin
0.25% with EDTA, insulin-selenium-transferrin (ITS). Triiodothyronine (T3), laminim,
poly-D-lysine, glucose, Penicilin- Streptomyosin, D-biotin, apo-transferin, progesterone
were purchased from Sigma. DMEM was purchased from Mediatech. Recombinant
FGF-2 was purchased from R&D Systems. FBS was purchased from Atlas Biologicals.
Coverslips were obtained from Deckglaser. Primary antibodies for myelin basic protein
(MBP-SM194) were purchased from Millipore Bioscience Research Agents, BrdU
antibody, Brd-U Clone BU-33 mouse was purchased from Sigma, and Olig2 rabbit
DF308, a gift from Dr. John Alberta (Dana-Farber Cancer Center). Secondary antibodies
Alexa Fluor 488 conjugated goat anti-mouse IgG, were purchased from Jackson
ImmunoResearch, while Alexa Fluor 546 conjugated goat anti-mouse IgG, and Alexa
Fluor 546 goat anti-rabbit IgG was purchased from Molecular Probes. Interleukin -17A

was purchased from Prospec.

Preparation of primary oligodendrocyte precursor cultures procedures.

Protocols for the animal experiments using the Sprague Dawley rat pups were performed
according to guidelines for laboratory animals provided by the National Institutes of
Health. The protocols were approved by the Rutgers Institutional Animal Care and Use
Committees (IACUC). OPCs were purified from mixed cortical glial cells using already

established methods (McCarthy and de Vellis, 1980). Briefly, cortical pieces from the
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Sprague Dawley rat pups of postnatal day 0-2 were dissected and placed in a 60 mm petri
dish on ice in a solution of PBS supplemented with 1 mM MgCl, and 0.6% glucose. After
removal of the cortical meniges the cells were minced and gently dissociated. 15-20 ml
of MEM-C (minimal essential media supplemented with 10% FBS, 1% L-glutamine, 1%
Pen-strep), was added to the cells. The cells were then filtered and centrifuged at 1800
rpm for 10 minutes. The mixed cortical cells were re-suspended in MEM-C and plated on
T75 flasks. The mixed glial cells were maintained for 10-15 days; the media in the flasks
were changed every 2 to 3 days. The differential shake method (McCarthy and de Vellis,
1980), was used to obtain purified OPCs, which were re-suspended in N2S (N2B2 at 66%
containing DMEM/F12 w 15mM HEPES which was supplemented with D-Biotin(1
mg/ml), BSA (66 ng/ml), ITS (10%), apo-transferin (4 mg/ml), putrescine (1.6 mg/ml),
progesterone (20 nM) and B104 condition media at 34%, plus additional FGF (5 ng/ml),
and 0.5% FBS). The purified OPCs were then plated on the T75 flasks coated with poly-
D-lysine at a density of 2x10* cells/cm®. The cells were maintained in N2S for 3-7 days,

passaged once and then plated for further experiments.

Differentiation Assay

A well-established protocol (Tokumuto et al., 1999) for mitogen withdrawal was utilized
to induce differentiation of OPCs. The OPCs were plated at a density of 4x10%cm or
5x10* cells/cm” onto12 mm glass coverslips coated with poly-D-lysine-laminin. The next
day the N2S media was switched with N2B2 (mitogen free supplemented with
triltodothyronine (T3-30 ng/ml), to initiate differentiation in the absence or in the presence

of [L-17 for 5 days. For the IL-17 treatments a stock solution of IL-17A at 1 nM was re-
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suspended in N2B2 supplemented with T3 to obtain the various treatments
concentrations. In this assay the control received N2B2+T3 alone. Following the initial

treatments the media and treatments were replenished every 48 hours.

Proliferation Assay

Purified OPCs were plated at a density of 2x10%cm or 3x10* cells/cm® onto12 mm glass
covers slips coated with poly-D-lysine-laminin. After plating, medium was replaced with
mitogen free N2B2 (mitogen free media) for twelve to fifteen hours, and then the cells
were treated with a combination of 5 ng/ml PDGF (platelet derived growth factor) and
FGF, along with IL-17 for fifteen hours. Following the treatments, OPCs were pulsed

with 10 uM of BrdU for 3 hours.

Immunocytochemistry for Proliferation and Differentiation Assays

Proliferation

Following the completion of each assay the OPCs and the differentiated OLs were fixed
with 4% paraformaldehyde at room temperature for 15-20 minutes followed by two PBS
washes. Chilled methanol was added to the cells and placed in the -20 °C for 15-20
minutes. Following this the cells were placed in a humidifying chamber, rehydrated with
PBS, and incubated with 2 N HCL for 15 minutes at 37 °C. Cells were then rinsed at
room temperature with 0.1 M Boric acid (pH 8.5) three times for 10 minute periods. This
was followed by three washes with PBS for 5 to 10 minute periods and a subsequent
blocking step. The coverslips were incubated with a blocking buffer (1X PBS containing

0.4% Triton-X 100 and 5% normal goat serum (NGS)) for 1hr.
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Olig2, BrdU antigens were detected by incubating the coverslips with blocking buffer
containing a 1:1000 dilution of primary antibodies for Brd-U (Clone BU-33 mouse) and
Olig 2 ( rabbit DF308) for 24 hours at 4 °C. The cells were washed three times with PBS
and incubated in blocking buffer containing a 1:1000 dilution of 4°, 6’-diamindino-2-
phenylindole dihydrochloride (DAPI),and secondary antibodies Alexa Fluor 488 goat
anti-mouse IgG (1:1000) and Alexa Fluor 546 goat anti-rabbit IgG (1:1000), at room

temperature for 1 hour.

Differentiation

Following the completion of each assay the differentiated OLs were fixed with 4%
paraformaldehyde at room temperature for 15-20 minutes followed by two PBS washes.
Chilled methanol was added to the cells and placed in the -20 °C freezer for 15-20
minutes. Following this, cells were placed in a humidifying chamber, and rehydrated with
PBS. The coverslips were incubated with a blocking buffer (1X PBS containing 0.2%
Triton-X 100 and 5% normal goat serum (NGS)) for 1hr.

MBP (SMI-94) antigens (marker for maturation of OLs-Figure 2B) were detected by
incubating the coverslips with blocking buffer containing primary antibody SMI-94 for
24 hours at 4 °C. The following day cells were washed three times with PBS and
incubated in blocking buffer containing a 1:1000 dilution of (DAPI), and secondary
antibody (Alexa Fluor 546 goat anti-mouse IgG (1:1000)) at room temperature for 1 hour.
In the final steps of both assays the coverslips were once again washed with PBS and
mounted onto SuperFrost slides using flouromount G. Images of the coverslips were

taken using the Nikon Eclipse te 2000 via MetaMorph Imaging Application version
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6.1r0. The coverslips were quantified by using a minimum of 25 pictomicrographic fields
obtained using a 20X objective. For the proliferative assay, the total number of cells was
obtained for the DAPI and the BrdU, and the number of OPCs containing BrdU was
expressed as a percentage of BrdU+ cells to the overall DAPI+ cells. For the
differentiation, the total number of cells were counted for DAPI and the SM194, and the
number of differentiated OLs containing MBP was expressed as a percentage of MBP+

cells to the overall DAPI+ cells.

RESULTS

IL-17 promotes the proliferation of oligodendrocyte precursor cells in a dose-
dependent manner

To examine the role of IL-17 on the proliferation of OPCs, purified OPCs were simulated
with varying doses of IL-17 (0.03 nM, 0.1 nM,0.3 nM, 0.9 nM) in the presence or
absence of PDGF+FGF. Fifteen hours later, cultures were treated with
bromodeoxyuridine (BrdU) for three hours and then fixed and immunostaind for BrdU,
DAPI, and Olig2 antibodies (Figure 3). Approximately, all the cells that were DAPI+
expressed Olig2, thus for the subsequent experiments the percentage of BrdU+ OPCs
(DAPI+) was determined for 25 fields using two coverslips each (Figure 4D).
Representative images of the control and cultures treated with PDGF+FGF are shown in
Figure 3. In the first set of experiments (Figure 4A) the cultures in the absence of
PDGF+FGF (NT) only a very small percentage of the OPCs (0.42%) incorporate BrdU,
indicating that OPC proliferation was not initiated. In the presence of PDGF+FGF the

number of BrdU incorporating cells (11.98%) increased as expected. When cultures were
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co-treated with IL-17 (0.03 nM, 0.1 nM, 0.3 nM), we observed further increase in OPC
proliferation (14.82%, 12.98%, 15.32%, respectively). Interestingly, at 0.9 nM, IL-17
appeared to have an inhibitory effect on growth factor induced OPC proliferation
(7.02%). IL-17 alone at 0.9 nM had no effect on OPC proliferation (0.43% BrdU uptake).
In the second set of experiments (Figure 4B) the NT cultures had little to no BrdU
incorporation (0.21%), in accordance with the first set of experiments. In the presence of
PDGF+FGF the number of BrdU incorporating OPCs increased (21.65%). The cultures
co-treated with IL-17 (0.03 nM, 0.1 nM, 0.3 nM) had a BrdU uptake similar to the
cultures treated with growth factor alone (18.87%, 19.03%, 19.45%, respectively).
Comparatively, the inhibiting effect on OPC proliferation observed at the high doses (0.9
nM) of IL-17 was not detected in the second experiment (18.16%). Interestingly, the
cultures treated with the high dose alone had increased OPC proliferation (7.02%)
compared to the control. This could be due to the possibility that the cultures in
Experiment [ were less healthy and more susceptible to a higher concentration of IL-17.
In the third experiment we observed a proliferative promoting effect of IL-17 in
the presence of PDGF+FGF (Figure 4C). NT cultures had very little to no OPCs (1.21%)
incorporating BrdU. At 0.03 nM, 0.1 nM, and 0.3 nM, there was an approximately 0.9
and 60 fold increase in the %BrdU+ OPCs when compared to the cultures treated with
PDGF+FGF alone (12.10%). The OPC proliferation (19.47%, 18.35%, respectively) was
most notable at the concentrations of 0.1 nM, 0.3 nM. The cultures co-treated at 0.9 nM
of IL-17 did not promote growth factor induced OPC proliferation (11.13%) when
compared to PDGF+FGF cultures alone. The cultures treated with IL-17 alone had a

slight increase in BrdU+ OPC (3.06%) incorporation when compared to the NT.
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The composite of the three experiments is shown in Figure 4D. The result shows
that IL-17 at 0.03 nM, 0.1 nM, and 0.3 nM promotes OPC proliferation induced by
PDGF+FGF (15.56%, 16.95%, 17.72%, respectively). The increase demonstrated at low
doses (0.3 nM) were significant (p<<0.0001). At 0.9 nM, IL-17 inhibited growth factor
induced OPC proliferation (12.04%; p<0.0001). The cultures treated with IL-17 alone
had a significant increase in BrdU+ cells when compared to the NT (3.68%; p<0.0001),
indicating that IL-17 had a slight mitogenic effect on OPCs in the absence of growth

factors.

IL-17 does not affect the differentiation of OPCs into mature (OLsSs)

To determine if IL-17 had an effect on the differentiation of OLs, purified OPCs
were stimulated with varying doses of IL-17 (0.03 nM, 0.1 nM, 0.3 nM, 0.9 nM) in
mitogen deficient media (N2B2) supplemented with Triiodothyronine (T3). The cells
were treated every two days for 5 days. The differentiation of OPCs was assessed at the
end of the culture on the 5™ day. A representative image of differentiated OL in culture is
shown in Figure 5. To determine the effect of IL-17, the percentage of MBP+ cells in IL-
17 treated cultures were compared to that of the control cultures. A total of 25 fields per
coverslip and 3 coverslips per condition were used for this study.

In the first set of experiments, the addition of growth factor free N2B2+T3,
resulted in a considerable number of MBP+ OLs (73.08%) being expressed (Figure 6A).
The cultures treated with IL-17 (0.03 nM, 0.1 nM, 0.3 nM, 0.9 nM) had similar

percentage of MBP+ cells (75.54%, 77.49%, 67.90%, 62.50%), indicating that IL-17 did
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not affect OPC differentiation into MBP+ OLs. Similar results were observed in
experiments II and III (Figure 6B, 6C).

The composite of the three experiments shown in Figure 6D did not show a
significant difference in percentage of MBP+ OLs: 83.77%, 84.85%, 85.45%, 82.81%,
79.83% in the presence of 0.03 nM, 0.1 nM, 0.3 nM, 0.9 nM IL-17 respectively, when

compared to 83.77% in the NT culture.
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Figure 3. Immunohistochemisty of BrdU incorporation.

A, D, OPCs cultured with no treatments, E,F,G,H Representative images for treated
Oligodendrocyte Precursor cells (OPCs), cultured in the presence of growth factors
PDGF and FGF, taken using the Nikon Eclipse te 2000 via MetaMorph Imaging
Application version 6.110. A, E, BrdU (Alexa488), B, F Olig2 (Alexa546), C, G,DAPI,
D, Composite for treatment group, H, Composite for control group.
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Figure 4. IL-17 promotes growth factor induced OPC proliferation in a dose-
dependent manner.

A-C, Quantified percentage of BrdU+ OPCs(DAPI+) cultured in the in the absence of
growth factors (N2B2 alone-NT) or in the presence of PDGF and FGF with IL-17 (1 nM
stock) at 0 nM, 0.03 nM, 0.1 nM,0.3 nM.0.9 nM) or 1L-17 alone (0.9 nM) followed by a
three hour BrdU pulse. The cells were quantified for 25 fields using 2 coverslips per
treatment. A, Experiment I, B, Experiment II, C, Experiment III, D, Composite for three
experiments, (;p<0.0001*by One way ANOVA for the composite experiments).
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Figure 5. Immunohistochemistry of MBP expression.

Representative images for treated OPCs, cultured in the presence or absence of IL-17 (1
nM stock) (0, 0.3 nM, 0.1 nM, 0.9 nM) and differentiated in to mature OLs for 5 days;
differentiation was assessed by the expression of MBP (Alexa546)/DAPI.

31
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Figure 6. IL-17 does not have a significant effect on differentiated OLs.

A-C, Quantified percentage of MBP+/DAPI+ mature oligodendrocytes (OLs)
differentiated for 5 days for 3 duplicate experiments, cultured in N2B2 +T3 in the
absence or presence of IL-17(0.03 nM, 0.1 nM, 0.3 nM, 0.9 nM). The cells were treated
every two days with Immunohistochemistry being performed on the 5t day. The cells
were quantified from 25 fields using 3 coverslips per treatment. A, Experiment I, B

Experiment II, C, Experiment III, D, Composite for three experiments, no significance
(NS).
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DISCUSSION
Multiple sclerosis is a demyelinating disease in which chronic inflammation

targeting oligodendrocytes (myelin-producing) leads to their reduction in the central
nervous system (Siffrin et al., 2010). Accordingly, the regulation of oligodendrocyte
biology and lineage is crucial for the proper formation and aggregation of myelin along
the axons. Several growth factors such as PDGF and FGF, chemokines such as GRO-a,
IL-8, SDF-1a, and cytokine IFN-y, and TNF-a have been shown to be key regulators in
the oligodendrocyte lineage (McKinnon et al., 1990; Grinspan and Franceschini 1995;
Ecclestion and Silberberg 1984; Kadi et al., 2006; Saneto et al., 1986; Cannella et
al.,2003). One particular cytokine, IL-17 has been implicated as a significant component
in the formation of MS lesions (Tzartos et al., 2008) as well as in the progression of
several inflammatory diseases such as rheumatoid arthritis (Hwang and Kim 2005),
inflammatory bowel disease (Fujino et al.,2003), and psoriasis (Lowes et al., 2008).
However, the pathogenesis of IL-17 and the role it plays in diseases is still relatively

unknown.

IL-17 promoted growth factor induced proliferation of OPCs at low concentrations

In our present study, we investigated the effect of IL-17 on OPC proliferation as
assessed by bromodeoxyuridine (BrdU) uptake in the presence or absence of
PDGF+FGF. In the first and third set of experiments (Figure 4A, 4C) the NT cultures had
little to no BrdU incorporation into the purified OPC cells, indicating that OPC

proliferation was not initiated. In the presence of PDGF+FGF the number of BrdU



35

incorporating cells increased as expected. When cultures were co-treated with IL-17 we
observed further increase in OPC proliferation. Interestingly, at higher doses, IL-17
appeared to have an inhibitory effect on growth factor induced OPC proliferation.

In the second set of experiments (Figure 4B) this trend deviates slightly. The NT
cultures had little to no BrdU incorporation, in accordance with the first and third set of
experiments. In the presence of PDGF+FGF the number of BrdU incorporating cells
increased. However, in this set of experiments the cultures co-treated with IL-17 had a
BrdU uptake similar to the cultures treated with growth factor alone. Interestingly, the
cultures treated with IL-17 0.9 nM alone had increased proliferation relative to the
control.

The first and third sets of experiments were similar, while the second differed. In
light of this a possible explanation could be that the cultures used for the second set of
experiments were in-fact healthier than the cultures used for first and second proliferation
assay. Thus, these cells may have been less susceptible to any harmful effects caused by
the higher levels of the IL-17 cytokine.

The composite of the three experiments shown in Figure 4D suggest that [L-17, at
low concentrations (0.1 nM, 0.3 nM), promotes growth factor induced proliferation.
However, at high doses (0.9 nM) there was a significant inhibitory effect on OPC

proliferation. Studies by Paintlia
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et al have demonstrated this inhibitory effect produced by IL-17 (Paintlia et al.,
2011). The study demonstrated that IL-17 ( 25 ng/ml ; 0.72-0.75 nM) when synergized
with TNF-o (10 ng/ml) induced a significant inhibition of ("H) thymidine incorporation
(p<0.01), and the expression of cyclin D1 and cdk4 (p<0.001) in OPC-like B12 cell lines
(Paintlia et al., 2011). Furthermore, IL-17 in combination with TNF-a accordingly
promoted the expression of p21dip. Cyclin D1 and cdk4 are proteins important for cell
cycle progression, while p21Clip is an inhibitory cyclin kinase (Paintlia et al., 2011).
These studies indicate that IL-17 synergized with TNF- a, induces cell cycle arrest in B-
12 proliferating cells (Paintlia et al., 2011). Consistent with these inhibitory effects noted
by Paintlia et al, findings from current histological studies have shown that brain lesions
of patients with prolonged MS contain significant number of OPCs that remain in
quiescence (Wolswijk, 1998). Further investigations by Lassmann et al identified lesions
that maintain high levels of OLs with low levels of proteolipid mRNA and proteins
associated with myelination, indicating that these oligodendrocyte cells may be dormant
precursor or progenitor oligodendrocytes (Lassmann et al., 2002). These studies indicate
that there may be elements within MS lesions inhibiting the cell cycle progression of
OPCs. Accordingly, studies of MS lesions have shown elevated levels of several
immunological factors, but their function is not yet known (Lucchinetti et al., 2000). In
contrast, investigations by Paintlia et al found that IL-17 alone did not inhibit cell cycle
progression or have any proliferative effects on OPC-like B-12 cells when compared with
the control. However, due to the fact that the Paintlia et al study observed the effects of
IL-17 on a cell line, it may be that primary OPCs are more susceptible to the inhibitory

effects of IL-17, and IL-17 in high levels or in combination with other cytokines such as
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TNF-a, may suppress primary OPC proliferation. Future studies regarding these

parameters may provide insight into the progression of MS.

IL-17 does not have a significant effect on the differentiation of OPCs

To determine the role of IL-17 on OPC differentiation into mature OLs, the
expression of MBP was assayed in OPC cultures stimulated with varying doses of IL-17
(0.03 nM, 0.1 nM, 0.3 nM, 0.9 nM) in mitogen deficient media (N2B2) supplemented
with triiodothyronine (T3) every two days for five days.

In the differentiation experiments, the cultures without the cytokine treatment
resulted in a considerable percentage of cells with MBP+ expression (Figure 5, 6D). The
cultures treated with IL-17 had similar MBP+ cell expression, indicating that IL-17 did
not significantly affect OL differentiation (Figure 6D). As corroborated by Paintlia et al,
IL-17 did not affect the expression of MBP transcripts in maturing OPCs as compared to
the control (Paintlia et al., 2011). Conversely, the maturing OPC cultures treated with IL-
17 and TNF- o had a significant reduction in the expression of MBP transcripts (Paintlia
et al., 2011). These finding, taken along with those found in the studies of Wolswijk,
which show that there is lack of mature OLs in MS lesion (Wolswijk, 1998), suggests
that IL-17 in combination with other cytokines may inhibit OL maturation within MS

lesions.

IL-17 may be cytotoxic to OPC
In the cultures exposed to the high dose of IL-17 (0.9 nM), there was a reduction

in BrdU+ cells (Figure 4D). This reduction of OPC proliferation observed in our
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experiments may be consistent with cytokine toxicity or apoptosis. Paintlia et al, using
TUNEL assays, and an assay for caspase-8 activity, demonstrated that IL-17 potentiated
the apoptotic activity of TNF-a in cultured OLs, and produced a significant increase in
the release of lactate dehydrogenase (LDH) in OLs and the B-12 cell line (Paintlia et al.
2011). In addition, when the OLs were treated with a high dose (100ng/ml; 2.8-3nM) of
IL-17 there was a significant increase (p<0.05) in the release of LDH (Paintlia et al.
2011). Moreover, IL-17 together with TNF-a induced greater oxidative stress to the B-12
cell line, when compared with IL-17 alone and the control (Panitlia et al., 2011). These
studies indicate that IL-17 at higher concentrations produces a cytotoxic effect on OLs
and when synergized with TNF-a, produces a cytotoxic as well as an apoptotic effect on
OLs (Panitlia et al., 2011). Nevertheless, these studies use mature OLs and we have not
tested the synergistic effect of IL-17 in addition with other cytokines on OPCS. It would
be advantageous to perform cytotoxic and apoptotic assays on primary OPCs in
conjunction with other cytokines, considering that studies have noted the presence of

OPCs in MS lesions (Wolswijk, 1998)

Future directions

Studies done by Cannella and Raine have shown that a complex cytokine profile
exist in MS lesions (Cannella and Raine, 1994). Paintlia et al and Matusevicius et al have
indicated the synergistic effects of the IL-17 cytokine with TNF-a (Paintlia et al., 2011;
Matusevicius et al., 1999) on mature OLs. It would be advantageous to look at the

synergistic effects of IL-17 and other cytokine on primary OPCs and OLs.
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Recent studies have revealed that IL-17R is expressed in OLs (Paintlia et al.,
2011), indicating the possibility of IL-17 mediated regulation of OLs. In MS, it is
unknown which stage in the oligodendrocyte lineage (OPC, immature OPCs, non-
myelinating mature OLs, myelinating mature OLs; Figure 2B) responds to or is affected
by the IL-17 cytokine. It will be important in future experiments to examine at which
stage of OPC differentiation the IL-17 receptor is first expressed, as the expression of the
IL-17 receptor could render OPCs susceptible to regulation by the IL-17 cytokine.
Additionally, other cytokines could modulate the IL-17 receptor expression in each stage
of OPC maturation, potentially making the cells more susceptible to the effects of IL-17.
Hence, it will be beneficial to examine the effects of IL-17, as well as the receptor
expression at the different stages in the OPC lineage in combination with other cytokines.
These experiments can be performed using western blot analysis to assess the receptor
levels.

Our initial study demonstrated that IL-17 had an effect on OPC proliferation in a
dose-dependent manner, but had no effect on differentiation; however, we used a range of
relatively low concentrations of the IL-17 cytokine (0.03 nM, 0.1 nM, 0.3nM, 0.9 nM). It
will be prudent to examine a wide range of the IL-17 concentration on the different and
intermediate stages of OPC development and repeat the proliferation and differentiation
assays with these new concentrations.

It will also be crucial to determine the downstream pathway of IL-17, which may
contribute to the inhibitory effect of IL-17. The studies of Panitlia et al demonstrated that
in cultures using OLs, and OPC-like B-12 cell lines, IL-17 in combination with TNF-a

inhibited the expression of cyclin D1 and cdk 4, and increased the expression of p21¢™ (
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Panitlia et al., 2011). Furthermore, they found that OLs treated with IL-17 and TNF-a,
had elevated levels of phosphorylated ERK1/2, phosphorylated JNK1/2, Bid, Bax,
TRAAD and TRAF6 (TNF receptor associating factor-6), all of which participate in the
cell death pathway (Panitlia et al., 2011). However, in the cultures treated with IL-17
alone, only TRAF6 was increased (Panitlia et al., 2011). This increase in TRAF6 is
consistent with the synergistic activities of IL-17 and TNF-a noted in this study (Paintlia
et al., 2011). It would be beneficial to conduct a cell death assay, as well as examine the
downstream pathways of IL-17, to determine if increasing the concentrations of the IL-17
cytokine eventually trigger apoptosis or programmed cell death in primary OPCs.

This study has revealed an effect of various doses of IL-17. Our results suggest
that the dose of IL-17 plays an important role in determining the fate of OPCs. It will be
interesting to test if this mechanism applies to other cytokines up-regulated in MS
lesions. The studies proposed would provide further insight into the role of IL-17 on
oligodendrocytes and the progression of MS, which will have important implications

therapeutically.



41

REFERENCE

Agresti C., D’Urso D., Levi G. Reversible inhibitory effects of interferon y and
tumour necrosis factor- a on oligodendroglial lineage cell proliferation and differentiation
in vitro. European Journal of Neuroscience 1996; 8:1106-1116

Anderson S.A., Mar'in O., Horn C., Jennings K., Rubenstein J.L.R. Distinct cortical
migrations from the medial and lateral ganglionic eminences. Development 2001:
128:353-63

Arnett H.A., Mason J., Marino M., Suzuki K., Matsushima G.K., Ting J.P. TNF alpha
promotes proliferation of oligodendrocyte progenitors and remyelination. Nature
Neuroscience 2001; 4:1116-1122

Bagasra O., Michaels F.H. , Zheng Y.M., Bobroski L.E., Spitsin S.V., Fu Z.F., Tawadros
R., Koprowski H. Activation of the inducible form of nitric oxide synthase in the brains

of patients with multiple sclerosis. Proceedings of the National Academy of Science USA
1995; 92: 12041-12045

Barres B.A., Lazar M.A., Raff M.C. A novel role for thyroid hormone, glucocorticoids
and retinoic acid in timing oligodendrocyte development. Development 1994; 120:1097—
1108

Baumann N., Pham-Dinh D. Biology of oligodendrocyte and myelin in the mammalian
central nervous system. Physiological Reviews 2001; 81:871-927

Bomprezzi R., Ringner M., Kim S., Bittner M.L., Khan J., Chen Y., Elkahloun A., Yu A.,
et al. Gene expression profile in multiple sclerosis patients and healthy controls:

identifying pathways relevant to disease. Human Molecular Genetics 2003; 12(17): 2191-
9

Brunner C., Lassmann H., Waehneldt T.V., Matthieu J.M., Linington C. Differential
ultrastructural localization of myelin basic protein, myelin-oligodendroglial glycoprotein,

and 2',3'-cyclic nucleotide 3'-phosphodiesterase in the CNS of adult rats. Journal of
Neurochemistry 1989; 52:296-304

Calderon T.M., Eugenin E.A., Lopez L., Kumar S.S., Hesselgesser J.,Raine C.S., Berman
J.W.2006. A role for CXCL12 (SDF-1alpha) in the pathogenesis of multiple sclerosis:
regulation of CXCL12 expression in astrocytes by soluble myelin basic protein. Journal
of Neuroimmunology 2006; 177:27-39

Cai L.,Yin J.P., Starovasnik M.A., Hogue D.A., Hillan K.J., Mort J.S., Filvaroff E.H.
Pathways by which interleukin 17 induces articular cartilage breakdown in vitro and in
vivo. Cytokine 2001;16: 10-21



42

Chabaud M., Durand J. M., Buchs N., Fossiez F., Page G., Frappart L., Miossec P.
Human interleukin-17. Arthritis and Rheumatism 1999; 42:963-970

Cannella B., Raine C.S. Multiple sclerosis: cytokine receptors on oligodendrocytes
predict innate regulation. Annals of Neurology 2004; 55: 4657

Eccleston P.A., Silberberg D.H. Fibroblast growth factor is a mitogen for
oligodendrocytes in vitro. Brain Research 1989; 210:315-318

Emery B. Regulation of oligodendrocyte differentiation and myelination. Science 2010;
330: 779-782

Filipovic R., Jacovcevski 1., Zecevic N. 2003. GRO-alpha and CXCR2
in the human fetal brain and multiple sclerosis lesions. Developmental Neuroscience
2003; 25:279-290

Fossiez F., Djossou O., Chomarat P., Flores-Romo L., Ait-Yahia S., Maat C., Pin J.J., et
al. T cell interleukin-17 induces stromal cells to produce pro-inflammatory and
hematopoetic cytokines. Journal of Experimental Medicine 1996;183: 2593- 2603

Franklin R.J.M., ffrench-Constant C. Remyelination in the cns: from biology to therapy.
Review Nature Neuroscience 2008; 9:839-855

Fujino S., Andoh A., Bamba S., Ogawa A., Hata K., Araki Y., Bamba T., Fujiyama Y.
Increased expression of interleukin 17 in inflammatory bowel disease. Gut 2003; 52: 65—
70

Griot C., Vandevelde M., Richard A., Peterhans E., Stocker R. Selective degeneration of
oligodendrocytes mediated by reactive oxygen species. Free Radical Research
Communications 1990; 11: 181-193

Grinspan J., Franceschini B. Platelet-derived growth factor is a survival factor for PSA-
NCAM+ oligodendrocyte pre-progenitor cells. Journal of Neuroscience Research
41:540-545

Hofman F.M., Hinton D.R., Jonhson K., Merrill J.E. Tumor necrosis factor identified in
multiple scelrosis brain. Journal of Experimental Medicine 1989: 170: 607-612

Inoue Y., Kagawa T., Matsumura Y., Ikenaka K., Mikoshiba K. 1996b.

Cell death of oligodendrocytes or demyelination induced by overexpression

of proteolipid protein depending on expressed gene dosage. Neuroscience Research
1996b; 25:161-172



43

Itoyama Y., Sternberger N.H., Webster H.D., Quarles R.H., Cohen S.R., Richardson E.P.
Jr. Immunocytochemical observations on the distribution of myelin associated

glycoprotein and myelin basic protein in multiple sclerosis lesions. Annals Neurology
1980;7:167-177

Iwakura Y., and Ishigame H. The IL-23/IL-17 axis in inflammation. Journal of Clinical
Investigation 2006; 116: 1218-1222

Jovanovic D.V., Di Battista J.A., Martel-Pelletier J., Jolicoeur F.C., He Y., Zhang M.,
Mineau F., Pelletier J.P IL-17 stimulates the production and expression of pro-

inflammatory cytokines, IL-1b and TNF-a, by human macrophages. Journal of
Immunology 1998; 160: 3513 — 3521

Kadi L., Selvaraju R., De Lys P., Proudfoot A.E., Wells T.N., Boschert U. Differential
effects of chemokines on oligodendrocyte precursor proliferation and myelin formation in
vitro. Journal of Neuroimmunology 2006; 17: 133—-146

Kagawa T., Ikenaka K., Inoue Y., Kuriyama S., Tsujii T., Nakao J., Nakajima K., et al.
1994. Glial cell degeneration and hypomyelination caused by overexpression of myelin
proteolipid protein gene. Neuron 1994; 13:427-442.

Kolls J. K., Linden A. Interleukin-17 family members and inflammation. Immunity 2004;
21: 467476

Korn T, Bettelli E, Oukka M, Kuchroo VK: IL-17 and Th17 Cells.
Annu Rev Immunol 2009, 27:485-517

Kotake S., Udagawa N., Takahashi N., Matsuzaki K., Itoh K., Ishiyama S., Saito S., et al.
IL-17 in synovial fluids from patients with rheumatoid arthritis is a potent stimulator
of osteoclastogenesis. Journal of Clinical Investigation 1999; 103: 1345-1352

Kotter M.R., Li W-W., Zhao C., Franklin R.J.M. Myelin impairs CNS remyelination by
inhibiting oligodendrocyte precursor cell differentiation. Journal of Neuroscience 2006;
26:328-332

Lassmann H. Neuropatology in multiple sclerosis: new concepts. Multiple Sclerosis
1998; 4: 93-98

Lassmann H., Bruck W., Lucchinetti C., Rodriguez M. Remyelination in multiple
sclerosis. Multiple Sclerosis 1997; 3: 133-136

Lock, C., Hermans G., Pedotti R., Brendolan A., Schadt E., Garren H., et al. Gene-
microarray analysis of multiple sclerosis lesions yields new targets validated in
autoimmune encephalomyelitis. Nature Medicine 2002; 8: 500-508



44

Lowes M.A., Kikuchi T., Fuentes-Duculan J., Cardinale 1., Zaba L.C., et al. Psoriasis
vulgaris lesions contain discrete populations of Th1 and Th17 T cells. Journal of
Investigative Dermatology 2008; 128:1207-11

Lubberts E., Joosten L. A., Oppers B., va den Bersselaer L., Coenen-de Roo C. J., Kolls
J. K., etal. IL-1-independent role of IL-17 in synovial inflammation and joint destruction
during collagen-induced arthritis. Journal of Immunology 2001;167:1004—1013

Lucchinetti C.L., Bru"ck W., Parisi J., Scheithauer B., Rodriguez M., Lassmann H.
Heterogeneity of multiple sclerosis lesions: implications for the pathogenesis of
demyelination. Annals of Neurology 2000; 47:707-717

Lucchinetti C.L, Bru"ck W.B., Rodriguez M., Lassmann H. Distinct patterns of multiple
sclerosis pathology indicates heterogeneity in pathogenesis. Brain Pathology 1996;
6:259-274

Lund B.T., Ashikian N., Ta H.Q., Chakryan Y., Manoukian K., Groshen S., Gilmore W.,
et al. Increased CXCLS (IL-8) expression in Multiple Sclerosis. Journal of
Neuroimmunology 2004; 155: 161 — 171

Lyssiotis C.A., Walker J., Wu C., Kondo T., Schultz P.G.,Wu X (2007).

Inhibition of histone deacetylase activity induces developmental plasticity in
oligodendrocyte precursor cells. Proc. National Academy of Science USA 2007; 104:
14982-14987

Matusevicius D., Kivisakk P., He-B., Kostulas N., Ozenci V., Fredrikson S., Link H.
Interleukin-17 mRNA expression in blood and CSF mononuclear cells is augmented in
multiple sclerosis. Multiple Sclerosis 1999; 5:101-104

McGeachy M.J., Bak-Jensen K.S., Chen Y., Tato C.M., Blumenschein W., et al. TGF-3
and IL-6 drive the production of IL-17 and IL-10 by T cells and restrain TH-17 cell-
mediated pathology. Nature Immunology 2007; 8:1390-97

McKinnon R.D., Matsui T., Dubois-Dalcq M., Aronson S.A. FGF modulates the PDGF-
driven pathway of oligodendrocyte development. Neuron 1990; 5:603—-614

Mews 1., Bergmann M., Bunkowski S., Gullotta F., Briick W. Oligodendrocyte and axon
pathology in clinically silent multiple sclerosis lesions. Multiple Sclerosis 1998; 4: 55-62

Miossec P., Korn T., Kuchroo V.K. Interleukin-17 and type 17 helper T cells. New
England Journal of Medicine 2009; 361:888—898

Nave K.A., Trapp B.D. Axon-glial signaling and the glial support of axon function.
Annual Review of Neuroscience 2008; 31:535-561



45

Navikas V., He B., Link J., Haglund M., Soderstrom M., Fredrikson S.,et al. Augmented
expression of tumour necrosis factor-o and lymphotoxin in mononuclear cells in multiple
sclerosis and optic neuritis. Brain 1996 ;119:213-223

Noble M., Arhin A., Gass D., Mayer-Proschel M. The cortical ancestry of
oligodendrocytes: common principles and novel features. Developmental Neuroscience
2003; 25:217-233

O’Meara R., Michalski J-P., and Kothary R. Integrin signaling in oligodendrocytes and
its importance in CNS myelination. Journal of Signal Transduction 2011,
doi:10.1155/2011/354091.

Ozawa K., Suchanek G., Breitschopf H., Briick W., Budka H., Jellinger K., Lassmann H.
Patterns of oligodendroglia pathology in multiple sclerosis. Brain 1994;117:1311-1322

Paintlia M.K., Paintlia A.S., Singh A.K., Singh I. Synergistic activity of interleukin-17
and tumor necrosis factor-a enhances oxidative stress-mediated oligodendrcyte apoptosis.
Journal of Neurochemistry 2011; 116:5-8-521

Paradowska A., Masliniski W., Grzybowska-Kowalczyk A., Lacki J. The function of
interleukin 17 in the pathogenesis of rheumatoid arthritis. Arch Immunol Ther Exp 2007;
55:329-334

Readhead C., Schneider A., Griffiths I., Nave K.A. Premature arrest
of myelin formation in transgenic mice with increased proteolipid protein
gene dosage. Neuron 1994; 12:583-595

Robinson S., Tani M., Strieter R.M., Ransohoff R.M., Miller R.H. The chemokine
growth-regulated oncogene-alpha promotes spinal cord oligodendrocyte precursor
proliferation. Journal of Neuroscience 1998; 18; 10457— 10463

Rouvier E., Luciani M.F., Mattei M.G., Denizot F., Golstein P. CTLA-8, cloned from an
activated T cell, bearing AU-rich messenger RNA instability sequences, and homologous
to a herpesvirus saimiri gene. Journal of Immunology 1993; 150: 5445-5456

Sadovnick A.D., Ebers G.C., Dyment D., Risch N., the Canadian Collaborative Study
Group. Evidence for the genetic basis of multiple sclerosis. Lancet(In press)
1996;347:1728-1730

Saneto R.P., Altman A., Knobler R.L., Johnson H.M., de Vellis J. Interleukin-2 mediates
the inhibition of oligodendrocyte progenitor cell proliferation in vitro. Proceedings of the
National Academy of Science USA 1986; 83: 9221-9225

Scolding N.J., Compston D.A., Morgan B.P. Oligodendrocyte susceptibility to injury by
T-cell perforin. Immunology 1990; 70:6—10



46

Selmaj K, Raine CS. Tumor necrosis factor mediates myelin and oligodendrocyte
damage in vitro. Annals of Neurology 1988; 23: 339-346.

Selmaj K., Raine C.S., Cannella B., Brosnan C.F. Identification of lymphotoxin
and tumor necrosis factor in multiple sclerosis lesions. J Clin Invest
1991; 87:949-54

Selmaj K., Raine C.S., Farooq M., Norton W.T., Brosnan C.F. Cytokine cytotoxicity
against oligodendrocytes: apoptosis induced by lymphotoxin. Journal of Immunology
1991; 147:1522-1529

Siffrin V., Vogt J., Radbruch H., Nitsch R., Zipp F. Multiple sclerosis — candidate
mechanisms underlying CNS atrophy. Trends in Neurosciences 2010; 33: 202-210

Soldan P.M.M., Rodriguez M. Heterogeneity of pathogenesis in multiple sclerosis:
implications for promotion of remyelination. Journal of Infectious Diseases 2002;
186:S248-S253

Solly S.K., Thomas J.L., Monge M., Demerens C., Lubetzki C., Gardinier M.V.,
Matthieu J.M., Zalc B. Myelin/oligodendrocyte glycoprotein (MOG) expression is
associated with myelin deposition. Glia 1996;18:39—48

Sriram, S, Rodriguez, M. Indictment of the microglia as the villain in multiple sclerosis.
Neurology 1997; 48:464-470

Teunissen M.B., Koomen C.W., De Waal Malefyt R., Wierenga E.A., Bos J.D. 1998.
Interleukin-17 and interferon-gamma synergize in the enhancement of proinflammatory

cytokine production by human keratinocytes. Journal of Investigative Dermatology 1998;
111:645-649

Tokumoto Y.M., Durand B., Raff M.C. An analysis of the early events when
oligodendrocyte precursor cells are triggered to differentiate by thyroid hormone, retinoic
acid, or PDGF withdrawal. Developmental Biology 1999; 213:327-339

Tzartos J.S., Friese M. A., Craner M.J., Palace J., Newcombe J., Esiri M.M., Fugger L.
Interleukin-17 production in central nervous system-infiltrating T cells and glial cells is

associated with active disease in multiple sclerosis. American Journal of Pathology 2008;
172: 146155

Woodroofe M.N., Cuzner M.L. Cytokine mRNA expression in inflammatory multiple
sclerosis lesions: detection by non-radioactive in situ hybridization. Cytokine 1993;
5:583-588



47

Wolswijk G. Chronic stage multiple sclerosis lesions contain a relatively quiescent
population of oligodendrocyte precursor cells. The Journal of Neuroscience 1998; 18(2):
601-609

Ziolkowska M., Koc A., Luszczykiewicz G., Ksiezopolska-Pietrzak

K., Klimczak E., Chwalinska-Sadowska H., and Maslinski . High levels of IL-17 in
rheumatoid arthritis patients: IL-15 triggers in vitro IL-17 production via cyclosporin A-
sensitive mechanism. Journal of Immunology 2000; 164, 2832—2838

Zwerina J., Redlich K., Polzer K., Joosten L., Kronke G., Distler J., Hess A., et al. 2007.
TNF-induced structural joint damage is mediated by IL-1. Proc. National Academy of
Science 2007; 104: 11742-11747



48

Curriculum Vitae

Sandra Tetteh
65 Manor Drive
Newark, NJ 07106
201-407-2062
sandyt 577@yahoo.com

EDUCATION

Secondary

Science High School, Newark, New Jersey
Graduation: June 2003

Undergraduate

Boston University, Boston, Massachusetts
Graduation: January 2008

Degree: Bachelor of Arts

-Biochemistry and Molecular Biology
-Classical Civilizations

EXPERIENCE

Boston University School of Medicine: Infectious Diseases (03/08-07/08)

Coordinator: Lisa Ganley-Leal, Ph.D

Lab Aide: Defining the host —parasite interactions between CD23+B cells and schistosomes, and
how CD23-IgE complexes lead to increased IgE output.

Acknowledgment in:A. M. Noronha, Y. Liang, J. T. Hetzel, H. Hasturk, A. Kantarci, A. Stucchi,
Y. Zhang, B. S. Nikolajczyk, F. A. Farraye, and L. M. Ganley-Leal Hyperactivated B cells in
human inflammatory bowel disease. J. Leukoc. Biol., October 1, 2009; 86(4): 1007 - 1016.

EDUCATION

Graduate

Rutgers University, Newark, New Jersey
Graduation: October 2012

Degree: Masters of Science

-Biology

EXPERIENCE

Flow Cytometry Core Facility:Columbia University-Herbert Irving Cancer Center: (08/09-
Present)

Supervisor: Kristie Gordon

Senior Research Technician: Performing multi-color flow cytometric analyusus and soring of cell
populations based and cell surface markers and/or intracellular probes.

Rutgers University: (09/11-07/12)
Principal Investigator: Haesun A. Kim, Ph.D
Thesis: Examine the effect of the IL-17 cytokine on OPC proliferation and differentiation.



