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The clinical course mirrors different stages of pathology

First MS 6-9 years: 12 years: 50% 16-17 years: 20-30 years:
symptoms/ 50% reach reach EDSS 50% reach 50% reach
relapse (CIS) EDSS score 3.0 score 4.0 EDSS score 6.0 EDSS score 7.0
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Destruction
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MS pathology: immune system and CNS
~_involvement
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BBB, blood / brain barrier; CNS, central nervous system
Chun J, Hartung HP. Clin Neuropharmacol 2010; Mehling M et al. Neurology 2010



Il danno assonale é precoce, associato all'inflammazione
ma nelle fasi iniziali della malattia € transitorio. Nelle fasi
successive, la sofferenza cronica dell’assone porta alla
degenerazione del neurone e alla perdita completa della
funzione neurologica (FASE PROGRESSIVA)
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New waves of inflammation
entering the CNS from
circulation

Focal demyelinating lesions
with variable axonal injury and
blood brain barrier injury
mainly in the white matter

SPMS / PPMS

Compartmentalized
inflammation in the CNS

Slow expansion of pre-existing
white matter lesions

Diffuse mflammation and
axonal injury imn NAWM

Extensive cortical
demyelination

Kutzelnigg et al 2005, Hochmeister et al 2006, Frischer et al 2009




Data suggesting a potential pathogenic role
of myelin-reactive CD4 Thl cells in humans

patients MS502 and MS801 during APL trial

MS patient Ex vivo
selecting
anugen

/ V’/\ /\ Table 2 Precursor frequencies of T cells specific for MBP, ., and APL in

Specificity and cross reactivty Pre-wial MS exacerbation during
‘- Y

baseline APL therapy

PEMC PBMC CSs¥

MBP... .. Specific for MBP ., ».only  10of 3.3x 10 1 of 840 10f 571
Cross-reactive with APL 0 1 of 1400 1 of 800

APL Specific for APL only Tof 1.2x10 1 of 620

10of 1,200
CGPTT Cross-reactive with MBP ., 0

10F1320 1 0of 2400

10/04x10° 1of 867
1of 1.2x10° NT

MBP,, .., Specific for MBP, ., only 10of3.0x 10"
Cross-reactive with APL 0

APL Specific for APL only 1of0.78 x 10
CGP771 Cross-reactive with MBP,., ., 10f28x10°

PBMC, penpheral blood manonuciear cell NT, not tested,

1of 1.5x10° 10of 2000
Tof 3x10° NT
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B Biclekova et al. Nar Med 2000; 6: 1167




T helper cell differentiation: function and migration

CCR4, CCR10, CLA CXCR3, CCR5
Skin-homing
T Ce”S Vitamin D3 IFN'Ya IL-12 Th1
STAT4
1,25(0H)2D3 T-bet
CCR6, a4p1 CRTh2, CCR3, CCR4
: : IL-4
Brain-homing STAT6 Th2
T cells - —>
GATA3
CCRY9, 04p7 / 1 TGF-B,IL-6 CCR6, CCR4
Retinoic acid IL-23, IL-18 .
Gut-homing
T cells é Vitamin A ggﬁlﬁ Th17

CRTh2 -> Lung? TFH
CX3CR1 -> Liver?



Memory Thl cells represent the majority of
cells into the CSF

75.3%
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+ CXCR3
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In humans, |IL-17 production is restricted to
CCR6" memory CD4* T cells

CD45RA- CD25- CD4+ memory T cells in blood CD45RA- CD4+ effector T cells in inflamed tissue
(Collaboration with M. Gattorno, Gaslini, Genova)
1L-17 IFN-y
1.2 o
0.5 2.0
1.0
0.4 1.5 € 0.8] IL-17
p— — \
£0.3 £ ® 061 m
) 1.0 |
<02 = 0.4 A
0.1 0.5 0.2
0.0 -
0 0 CCR6* CCR6"
- + _ 4+
CCR6 CCR6 147 o
12 1
CCR6- CCR6* 10+
0.2 0.01 E 8
| 2 6 IFN-y
41 A ®
= 27 m a
| 0
— CCR6* CCR6

Acosta-Rodriguez et al, Nat Immunol, 2007



IL-17 production in T cells and glial cells
in active MS lesions

Immunofiuorescence by confocal microscopy

ISH for IL-17

Lymphocytes Astrocytes
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MOG-reactive T cells in MS patients are enriched
in the CCR6 subset

MS patients
s, PLI Pt.2 Pt3 Pt4 PtS Pt.6 Pt.7 Pt8
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CCR6-deficient mice are resistent to EAE induction
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CCR6, Th17 and EAE pathogenesis

e CCR6 is expressed on human and
mouse Th17 cells

e The CCR6 ligand CCL20 is expressed in
the choroid plexus of mice and men

e CCR6 KO mice do not develop EAE

e CCR6+ Th1l7 cells enter the CNS at
early time points through the choroid
plexus and facilitate entry of CCR6 KO
cells through the BBB

e CCR6 controls the constitutive traffic
of T cells that may mediate immune
surveillance in the CNS

. Mouse Human
Reboldi et al Nature Immunol, 2009 choroid plexus choroid plexus



CCL20 expression in
human tissues:
preferential distribution
in the epithelial cells of
the choroid plexus

Reboldi et al Nature Immunol, 2009
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A role for CDS8 T cells in MS ?

HILA-class II: Association with the ‘HLA-DR2 haplotype’
HI.A-class I alleles: Independent influence on disease suceptibility

» CD8" T cells dominate in MS lesions.

» Oligoclonal expansion of CD8" T cells

in the CSF and lesions of MS patients.

» Human myelin-specific CD8 T cell clones
have been generated and, in mice, myelin-
specific CD8 T cells transfer EAE.

» Correlation between axonal transection and
CD8 T cell numbers : contact between
granzyme+ T cell and demyelinated axons.

CDS VB5.1/5.2

site
N
< A b \',ié..‘ll'— - ;-» &
nenypfilamentsos. 162:3056
: dots

Reviewed in: Liblau et al. Immunity 2002, 17:1 ; Neumann et al. Trends Neurosci 2002, 25:313;

Junker et al. Brain 2007, 130:2798.




Direct neurite membrane damage by MHC
class l/peptide-restricted CD8+ T cells




CNS damage by transfer of ‘autoreactive’
CDS8 T cells targeting oligodendrocytes

GFP (green) and oligodendrocytes (red)

3 > A

GrB (green), GKP (blue) and oligodendrocytes (red)

)

.

Oligodendrocytes (green) TO-PRO-3 nuclear counterstain.

4

e ¢




CD20* B Cells (left) and CD138+ Plasma Cells (right)
Are Present in MS Lesions

Blue=hematoxylin; brown=anti-CD20

Courtesy of Tonja Kuhimann, 2008.




% ® 1999 Nature America Inc. * http://medicine.nature.com

ARTICLES

Identification of autoantibodies associated with myelin
damage in multiple sclerosis

CLAUDE P. GENAIN', BARBARA CANNELLAY, STEPHEN L. HAuser! & Cepric S. RAINE®

‘Department of Newrotugy, University of Catifonila, San Franciseo, Califoriia 94143-0435, USA
‘Department of Pathology (Neurapathology), Albert Einstein College of Medicine, Bronx, New York 10461-1602, USA
Correspondence should be addressed to C.P. Genaing: email: daudeg@itsancst.edit




Clonally related B lymphocytes
accumulates in the CSF of MS patients

V3-30.3 germline gene Patient 1A
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Colombo et al, J Immunol 2000



CSF

CD19+
CD38+ CD19+
CD19+ CD77+ CD19+ CD27+
CD27- Ki67+ CD38+ CD80+ CD19-
IgD+ CD77- CD138+
=
= =
Naive B cell Centroblas Centrocyte Memory B cell Plasma cell
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Intrameningeal
immune cell
infiltrate

White matter
immune cell
infiltrate

Virchow-Robin spaces
surrounding pial blood
vessels

Uccelli et al, Trends Immunol 2005;

- Subarachnoid space ; i i
/ with OSF Corcione et al Autoimmunity Rev 2005

White matter

Gray matter



B cell follicles contain CD20" B cells
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Active MS lesions (Pattern III, Pattern II and
chronic active) versus stroke lesions

Immuncytochemistry for mitochondrial proteins
(Porin, MTND6, NDUFS3, SDHA, COX-I, COX-
IV)

Enzyme histochemistry for Complex II and IV

Quantitative assessment of mitochondrial protein
expression and function
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* Neurodegeneration in MS is associated with
activated macrophages / microglia

— Proinflammatory cytokines (indirect ?)
 Th1,Th2 or MM cytokines (Microarray; Lisak et al
2009)

— Nitric oxide radicals
— Reactive oxygen species

— Others ??




Microglial phagocytosis in health
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Microglial phagocytosis in disease
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The link between inflammation and neurodegeneration in MS

D Centonze et a/
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Figure 1 Glutamate is released not only by excitatory synaptic terminals but aso by infiltrating lymphocytes and by activated microglia in MS brains. Glutamate binds to
and activates abnormally sensifve AMPA receptors, leading © synaptic and neuronal degeneration. Blockade of AMPA receptors preserves neuronal integrity and ameliorates
the clinical course of mice with EAE



Microglia nodules in MS are associated with degenerating axons

Fig. 2 Microghal nodules are associated with underlying axonal
pathology in early multiple sclerosis. LFB/PAS stain and HLA-DR
immunohistochemistry were used to identify microglial nodules in
PPWM (a, b). Sequenual ussue sections (a, b, ¢, d) were matched
using a blood vessel (asterisk) (MS no. 5). The region of interest
exhibits intact myelin (a). Microglial nodule representing cluster of
acuvated HLA-DR expressing microglia/macrophages localized in

normally myelinated PPWM tissue (b). Sequential section identified
injured/damaged axons associated with microglial nodules (¢, d).
APP™, acutely damaged axons are detected in close association with
the microglial nodule (¢). SMI327, axonal ovoids occur in the same
region (d and inset). Inset in (d) shows higher magnification of the
marked region. Scale bars = (a) 100 ym; (b-d) 50 um

Singh et al, Acta Neuropath 2013



Microglia nodules in MS are associated with degenerating axons

HLA-DR /| NPY-Y1R / DAPI

Fig. 3 Axons undergoing Wallerian degeneration in close spatial the PPWM (c-d) MS no. |). Activated microglia/fmacrophage cells
association with acuvated microgha/macrophages in MS PPWM. were visualized clustering along the length of the NPY-YIR™ axonal
NPY-YIR™ axons (green) undergoing Wallerian degeneration segment (arrow, e-f) (MS no. 4). Stainings are merged with DAPI,
apposed to HLA-DR™ microglia/macrophages (red) with an activated which stains the nuclei (a—f, blue). Scale bars = (a—b) 25 um; (¢~
morphology (arrows, a-b) (MS no. 14). NPY-YIR™ axons were fre- d) 10 pm: (e-f) 20 um

quently surrounded by activated microglia/macrophages throughout Slngh et al 2013



The NEW ENGLAND JOURNAL of MEDICINI

ORIGINAL ARTICLE

Inflammatory Cortical Demyelination
in Early Multiple Sclerosis

Claudia F. Lucchinetti, M.D., Bogdan F.G. Popescu, M.D., Ph.D.,

Reem F. Bunyan, M.D., Natalia M. Moll, M.D., Ph.D., Shanu F. Roemer, M.D.,
Hans Lassmann, M.D., Wolfgang Briick, M.D., Joseph E. Parisi, M.D.,
Bernd W. Scheithauer, M.D., Caterina Giannini, M.D., Stephen D. Weigand, M.S.,
Jay Mandrekar, Ph.D., and Richard M. Ransohoff, M.D.

Trapp and Nave 2008




Iron and neurodegeneration in the MS brain

-

o Iron f) . ' Fér;ous'iftji}.

FIGURE 4: Dystrophic microglia, axonal iron, and oxidized phospholsplds in multiple sclerosis (MS) lesions. Iron-loaded micro-
glia and macrophages in active MS lesions show signs of degeneration (dystrophy) with process beading, retraction, and frag-
mentation (A), which is also visible in microglia stained for ferritin light polypeptide (FTL; B, brown). At active lesion edges,
total (C) and rarely also ferrous nonheme iron (D, brown) accumulates in axons. (E-H) Oxidized phospholipids (E0é reactivity; E
and G; brown) are detected in lesions with high iron content (total nonheme iron staining in F and H). Scale bars = 20um (A,

B); 100um (C, D); 200um (E, F); 75um (G, H).
Hametner et al, Ann Neurol 2013






Dystroglycan is expressed by astrocyte end-feet at glia limitans

Dystroglycan is degraded by MMP2, 9 in CNS inflammatory diseases
(Agarwal/Sorokin, 2006)

Fiichtbauer

CCL2Tg + PTx + BB-94

- -

e

ninin

Toft-Hansen et al, J Immunol. 177:7242 (2006)



BBB breakdown

Inflamed, GL intact
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Astrocytes - BBB-relevant source of chemokines

- Attract T-cells, monocytes and PMN to infiltrate the CNS
- Exert chemotactic effects on microglia in CNS
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: . Serensen ef al. J. Neuroimmunol. 2002
d o

Serensen et al. J. Clin. Invest. 1999



Astrocyte responses to inflammatory cytokines or S1P
induce neurite fragmentation and neuronal death
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How MS therapies could promote tissue repair?

Inhibition of the autoimmune attack Fostering of tissue repair

GGEEEne thefapy Inhibition of rective gliosis and

ij <G|3E'jN':E> induction of neuroprotectije features
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EEPINAS

FTY720 (fingolimod) efficacy in an animal model of
multiple sclerosis requires astrocyte sphingosine
1-phosphate receptor 1 (S1P;) modulation

Ji Woong Chof'2, Shannon E. GardelP', Deron R. Her"', Richard Rivera®, Chang-Wook Leé®, Kyoko Noguch#®,
Siew Teng Teo™®, Yun C. Yung™®, Melissa Lu®, Grace Kennedy?, and Jerold Chun®?

*Department of Molecular Biology, Dorris Neuroscience Center, The Scripps Research Institute, La Jolla, CA 92037; and “Biomedical Sciences Program,
University of California at San Diego, La Jolla, CA 92093

Edited by Michael Sela, Weizmann Institute of Science, Rehovot, Israel, and approved November 10, 2010 (received for review September 21, 2010)
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DAPI positive cells

Fingolimod blocks neurodegeneration induced
by astrocyte responses to cytokines and S1P
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Therapeutic
administration of
fingolimod to EAE mice _
reduces cytokines and
S1P receptor
expression and NO
production 1n vivo

Colombo et al Ann Neurol 2014
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Dimethyl Fumarate Improved Neuron
allenge
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Viability of Neurons Against Oxidative Stress
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MMF induces a molecular switch in activated microglia from a pro-
inflammatory to an alternatively activated phenotype
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Treatment with DMF ameliorates EAE and induces an increase in markers of

alternatively activated microglia in vivo
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DMF treatment normalizes pre-synaptic abnormalities
of glutamatergic transmission in EAE mice
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Laquinimod reduces demyelination, microglia
infiltration, acute axonal damage and gliosis
independent of T and B cells
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In comparison to controls, LAQ- e - A
treated Rag1 -/- & o l® o s =
mice displayed markedly reduced l - S - 3 g
SEpe T P .

demyelination in the corpus
callosum (Fig. 4a,b),
fewer callosal microglia
(Fig. 4c, d),
fewer APP-positive axonal
spheroids (Fig. 4e, f) and less fiber
gliosis (Fig. 4g, h).
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Briick et al., Acta Neuropathol. 2012 September; 124(3): 411-424.



In co-culture of Neurons and Microglia, Activated Microglia Kill
Neurons and this Is Reduced by Laquinimod

Mouse neuron+Microglia iLPS iLPS+LQ
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= Laquinimod pretreatment of microglia reduced the generation of NO and loss of
neurons caused by iLPS.

= jLPS activation of mouse or human neuronal microglia co-culture leads to the
reduction of neuronal counts, and this was attenuated by laguinimod treatment
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MSCs ameliorate EAE inducing in vivo tolerance to myelin antigens inside
secondary lymphoid organs (Zappia et al 2005; Gerdoni et al 2007)

A
" soneh Lymph nodes engraftment
55 '\)A\"‘\ J' - fraaed 424
2 )[ \*«ﬁ"\_.m_../'““mw‘
g 25 !'__,;\‘_
E 2 |l."‘,.'r T
ﬂ!; l J’// %
B (] 5 1m0 {1 m b 01‘;5 » @ 44 50 55 3‘“
By e }&\«
. 25 Ilr,-'
§ 2 f i R e
1" /j A
LI | .4
i Y 3
0 P i
1 [ 1 18 n * il 36 # 46 -
. oo )
=0 —Amelioration-of EAE T c
7000
§ 5000 1 ;%j
E 4000 %
1000
N o
Mog 1 uM Mog 3 uM Mog 10 uM ' A\ i
1 . 4 L
g mgm - gn 14 4
Inhibition of Ag-specific T and B cell response 511 i Neuroprotection without transdifferentiation
18 -
18 1 el
16 4 o4 I-
144 :‘.: - =y — —
. 1,24 ‘ = g Ig@1 Qe g2 gn3
31,0 - .
* § 7
08 1 E E
0,6 - 3 ¥ if E
041 2= 1
0.2 : , fil z
0,0 + v . -Ll . -L. . [ CTRL [T

IgG 1gG1 IgG2a IgG2b 1gG3

Inhibition of T cell encephalitogenic potential




[Ny

(OD 450nm)
chpamavbrDD

WST-1assay

[=E-N-N-]

WST-1 assay
(OD 450nm)

Mesenchymal stem cells protect CNS
neurons against glutamate excitotoxicity
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MSC reduce the EAE-dependent oxidative
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Mesenchymal stem cells promote neurogenesis
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Treatments for multiple sclerosis mainly display

immunomodulatory functions but may also promote tissue repair

demyelinated axon
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