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Glalbivbivld, TR PEAETT ”Z”%‘fﬁi PERELAE (secondary progressive multiple sclerosis; SPMS) HRA# Il
HIC AR T 2 GO R B AR bkl)}) MR 2 Rk 3 2 BT % 7 v 7 A — LT % o CledE L
o =l & 1 RAUTAR wt*? = AR 7wy FETSPMS T O s A b, Py
b — T BOG DY 6 7 lﬂ?\*}‘ v b & LT galectin-3 23[AlE & 4172, siRNA i “CIHLJXH&”"W%M M
BAINERE (TY10) @ galectin-3 % / v 2 2% 425 L, TYI0 D NFcB & ICAM-1 D1 & mRNA it 28
Bm U7z, galectin-3 (FMIIEEE L S E PG 3 2 2 L3 6N TE Y, Al L@“‘f»mvkiﬁ*%, SPMS
HAE UL galectin-3 192 FI CHURD AN O galectin-3 ICHE &9 % 2 & LV galectin-3 D FEHE % (I
T &, NFB %4 L CICAM-1 OFEBIARIINT 5 & & © BBB Mk L, FRiMETTic B4 2 nlfig k8
HOE I N,

WHEE Y - 5t [l U 7z VR 2 [ O T & R4

% FEEREEIE  (multiple sclerosis: MS) C i IfiL Teol, AE L7 o ) aved v MK I:I
WA (blood-brain barrier: BBB) D il i 135 B T T = VI A 1R PURE LT«
WHEATIC B G- 3 2 Y e [ RV P CH D EH 2 AL Ty b ETol, Fie, FHELRE
bTWwa, AT nE o, TRMHE T FUE O TY10 TOMINLNIRTE % S g et et
% FE VLT (secondary progressive MS @ SPMS) L7z,
R I v o IR B0 N T AR B P B2 ML v 3= % [Al7E L 72 85 1B % small interfering RNA
F CPUABFEE L, %o H Pk BBB i (siRNA) ZHIWwWT/ v 72w v L, TYI10#il
WX 2B D B - L AW L CE TOMNESEERT 51 (ICAM-1, MCAM,
AHFFEClE, SPMS EF MG ICHEES 5 & | VCAM-1) & tight junction P& (claudin-5,
I N AE A BRI IS 9 2 H 2t %@W@m occludin) D I H/mRNA RO ZELE 7 = A X
& EE L, BT 2T 5 2 ek HIME v+ 71 v I/ quantitative real-time PCR "CHRF]
L 7. L7.
ek WFFERS S

MPE ORI L 7z e bR UE P B HIIEAR SPMS HFIMIECTA b, EFay br—

(TY10) X Y filith Lf%{él % 2 RICESIKE) T MIGETE AL NAR VAR Y b33 7 AR SNz,
SrBEL, SPMS B THI, IEH =y hr—120 Z®5 b, SPMS HEMFEDOHAICH LN, A
B, Bz e - UCHIERRE MS Ay e —ATEBELNECAE Y P 1A

(relapse-remitting MS) 35 9 {4, HAPREEHA b, galectin-3 DEE & L7z,

(neuromyelitis optica: NMO) 35 14 5, fHZs4f galectin-3 DY a2 vt v bMEHZHWEY =
PR ZRIE{LAE (amyotrophic lateral sclerosis: ALS) AR v - T7uay bTIE, SPMS BF o 7 — il
BE B, RIGHAEBE 106 T — Il 1 BICD &, galectin-3 DE I IV FHRABEH I
XPtk e Loz x&xy - 7ay b eHRICH 7z.

T3 RICE I L 72, SPMS HBEE G i< )G 2 galectin-3 D€ / 7 v —FAFifEE v 7z 0)E
AL, IEHEa Vv ba—VIIEICERIGED 7 e MR L 220 MET <3, galectin-3 1& TY10 D FE (T
EAZRET 2720, URTGRIEDH -7~ BPICHFHE L7228, —3clafiamsic /B LT
BHEZI ARG LUV L, FARMY T Wiz,

ViEb TR o W 2 HE ST C#T L SiRNA % VT TY10 @ galectin3 % / v 27 &
7= (liquid chromatography-tandem mass spectrom- v v3 5L TYI0 D NFkB & ICAM-1 FEI & 538

etry: LC-MS/MS) .



ML 7245, MCAM, VCAM-1, claudin-5,
occludin I X L3 7> o 7=,

EL

FEPR IR EBE O FE T, mouse @ galectin-3 %
Jv 2Ty bT5E, BERBRAERY 5L
735Ec, BRE TD NFB p65 DI S
S RB T ERRINTBEL £7-, [EEMT
W72 FFETid, galectin-3 (Z#HIfE & collagen
type IV, fibronectin, laminin 7 & Qs ~ + Y
v 7 ADFEE & RBERTF IR 5 2 &3
HINTH Y, galectin-3 (ZAMATEERS % 6]
LAREMED 5. & biC, SLE B¥E Tt
galectin-3 JUEDTFIEL, KEREOHEL LD
ICHURMEAME T35 2 &, SLE BEIMED O 8F
BIL 7291 galectin-3 Jithk% 7 v F DEEICES
THLMERZAEL S Z L, Rabbit-polyclonal
anti galectin-3 antibody % FERHIRITICEE 535 &
FEMERBEL S &5 b, P galectin-3 il
&%, SLE BFOKERBERKICEGT 5L X
nTws® BlEd»biE, P galectin-3 Fiikidim
B0 5P TH Y, galectin-3 DEEREZ [HE
352 L cHifaBE 2 ET 2 RlREERE 2 &
3. SPMS & T, BBB #KMEMED
galectin-3 & T galectin-3 FilA D AT 52 & T
BBB kN AL D galectin-3 DHEEEHME T 3
%52 LT, NFB EF %4 L TICAM-1 O
mRNA & EHOFBZHEEL, SPMS Okt
TG LTl d 5.

fiam

SPMS I o i 13 BBB &K N Alifg icxf 43
HOWESTFEL, ZOENHREO—o 3
galectin-3 TH % Z & #[EE L7z, ¥l galectin-3
Piikid SPMS BHE OfRIRETICEES L Tw 3 1]
RS D Y, Sk, HroBEFMBEEMERL,
ELISA 7x & CRUE - REEOMALZ1T 5 FET
H5.
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injury: evidence for a protective role of
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Regulation of cellular adhesion to extracellular
matrix proteins by galectin-3. Biochem
Biophys Res Commun 1998;246:788-791.

Shi ZR, Tan GZ, Meng Z, et al. A crucial role
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Abstract

Multiple sclerosis (MS) is a complex immune mediated disease of the central
nervous system. It is characterized by inflammatory and neurodegenerative
processes that result in neuroaxonal damage. Its etiology is still unknown,
and its pathogenesis is only partly understood. There have been major
advances in the treatment of MS in the past two decades, and a wide range
of immunomodulagtory and immunosuppressive therapies have been used
for the management of MS. More recently, there has been a growing inter-
est in immunotherapeutic strategies with selective actions that target bio-
logical molecules involved in MS pathogenesis. Thus, better understanding
of the immunopathogenesis of MS is believed to result in the development
of more efficacious treatment. However, in contrast to the successful intro-
duced therapies, such as natalizumab and alemtuzumab, there have been a
remarkable number of therapeutic failures as well. Despite the convincing
immunological concepts and promising results from animal models of MS,
some drugs showed no clinical efficacy or even worsened the disease. Clini-
cal trial results of molecular targeted therapy that shed light on the improv-
ing understanding of the immunopathogenesis of MS are discussed in the
present review. These trials include monoclonal antibodies against leukocyte
differentiation molecules (anti-CD3 and anti-CD4 antibodies), tumor necrosis
factor-o. neutralization, targeting the interleukin (IL)-12/IL-23 pathways,
immune cell-depleting ant-CD52 monoclonal antibody and targeting IL-2
receptor signaling.
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Introduction

Multiple sclerosis (MS) is an autoimmune disease
of the central nervous system (CNS).! Over the
past two decades, immunomodulatory and immu-
nosuppressive therapies have been widely used for
the management of MS.> However, a growing
understanding of the molecular pathogenetic cas-
cade of MS coupled with the development of bio-
technology has enabled remarkable progress in MS
therapy. Recently, there has been a growing inter-
est in immunotherapeutic strategies with selective
actions that target biological molecules involved in
MS pathogenesis.> This therapeutic strategy is
known as a molecular targeted therapy, and

includes monoclonal antibodies and small mole-
cules.*

In contrast to successfully established and emerg-
ing molecular targeted therapies, such as natal-
izumab, alemtuzumab, daclizumab, rituximab and
fingolimod, there have been several failed or inter-
rupted clinical trials as well.> These failed drugs and
strategies include monoclonal antibodies against
leukocyte differentiation molecules (anti-CD3 and
anti-CD4 antibodies), tumor necrosis factor (TNF)-o
neutralization and interleukin (IL)-12/IL-23 neutral-
ization. In the present review, clinical trial results of
molecular targeted therapy that have added to our
growing understanding of MS immunopathogenesis
are discussed.

© 2014 Japanese Society for Neuroimmunology
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Rationale for targeting the adaptive immune
system

MS is a complex chronic immune mediated disease
of the CNS, arising from complex interactions
between multiple genetic and environmental fac-
tors.® These interactions could, in part, be responsi-
ble for disease heterogeneity. MS is characterized by
inflammatory and neurodegenerative processes.”
Traditionally, two-stage disease pathogenesis has
been widely accepted, in which the inflammation
precedes neurodegeneration. However, this concept
is increasingly being modified in light of neuro-
pathological and magnetic resonance imaging (MRI)
findings.® Even in the very early stage of the disease,
innate immune cells are activated and together with
adaptive immune cells, exert direct neurotoxic
effects. These neurotoxic effects, together with non-
immune mechanisms, such as glutamate toxicity,
iron channelopathy, oxidative stress and mitochon-
drial dysfunction, might cause irreversible axonal
and neuronal loss.” These are considered to be asso-
ciated with most of the long-term disability.

Innate immune cells promote the differentiation
of Thl and Th17 cells, which drive acute inflamma-
tion. In addition, accumulation of evidence shows
that the progressive phase of MS is also, in part,
mediated by the innate immune system. However,
the role of the innate immune system in the neu-
rodegeneration of MS has been poorly under-
stood.”'° Thus, there is no specific therapy to target
the innate immune cells in MS. In contrast, far from
complete, there is a growing understanding of the
adaptive immune system in MS immunopathogene-
sis.}! Detailed studies involving human MS immu-
nology, animal models of MS, and clinical trials
showed the crucial role of T cells in the pathogenesis
of MS. More recent studies also showed the involve-
ment of B cells and regulatory cells.'? Taken
together, the adaptive immune system is believed to
play an important role in the inflammatory stage of
disease, and thus so far, adaptive immune cells are
the main targets for MS therapy.

Molecular targeted therapy

Based on the adaptive immune system in MS patho-
genesis, several molecular targets have been trans-
lated into therapeutics. Current and emerging
treatment options for MS are categorized as unspe-
cific immunomodulators and immunosuppressants
or specific molecular targeted treatment.* The latter
are further classified as either monoclonal antibodies

© 2014 Japanese Society for Neuroimmunology
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or small molecules. BAF-312,"> fingolimod,'* lamo-
trigine,'® lipoic acid'® and riluzole” are examples of
small molecules that act as specific immunomodula-
tors. Natalizumab,'® alemtuzumab,'® daclizumab,*°
ocrelizumab®’ and rituximab®® are examples of
monoclonal antibodies. Among them, natalizumab
and fingolimod are landmarks for monoclonal anti-
bodies and small molecules, respectively.

Emergence of therapeutic monoclonal antibodies

Structural characteristics of antibodies were
described in the early 1960s, and early hybridoma
technology allowed the development of fully murine
monoclonal antibodies during the 1970s.2*>?* There
are five antibody isotypes distinguished by differ-
ences in their heavy chains: immunoglobulin (Ig)M,
IgD, IgA, IgE and IgG. Among these antibody iso-
types, IgG is the most abundant antibody and typi-
cally acts in the secondary phase of an immune
response. There are four IgG subclasses in humans;
subclasses IgGl, IgG2, IgG3 and IgG4. Except for
IgG3, the IgG subtypes have the longest elimination
half-lives of approximately 20 days among antibody
isotypes. Therefore, IgG is the most common isotype
of immunoglobulin that is used for generation of
therapeutic monoclonal antibody.

The first murine anti-CD3 monoclonal antibody,
muromonab, was approved for the treatment of ste-
roid-resistant acute allograft rejection in renal trans-
plantation recipients.?> However, its clinical use was
hampered by serious side-effects linked to its immu-
nogenicity and mitogenecity. So, recombinant DNA
strategies were developed, and more humanized or
fully humanized monoclonal antibodies were engi-
neered. They are less immunogenic and mitogenic
monoclonal antibodies. Therefore, most of the
recently approved biologics are fully humanized
monoclonal antibodies.

Failed clinical trials of molecular targeted therapy

Depleting anti-CD3 monoclonal antibody

MS is considered to be a mainly T cell-mediated
autoimmune disease, and thus targeting of the T cell
differentiation molecules (e.g. CD3 and CD4) with
monoclonal antibodies might be a candidate for MS
therapy. OKT3 is a mouse IgG2 subclass monoclonal
antibody against human CD3. In 1991, Weinshenker
et al. carried out the open-label trial of OKT3 in 16
patients with severely progressive MS.2° In that trial,
73% of treated patients were stabilized clinically,
and no new MRI lesions are detected in any of the
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patients. However, the trial was hampered by serous
side-effects linked to its immunogenesity and mito-
genesity. Transient increases in interleron (IEN)-v
and TNF-o were observed, resulting in the cytokine
syndrome. Subsequently, humanized Fc receptor-
non-binding monoclonal antibody against human
CD3, teplizumab, was engineered, and is now tested
for type 1 diabetes.”” This antibody depletes CD3
T cells and can induce CD25+ regulatory cells, and
thus treatment with this antibody might be consid-
ered to have a good potential for MS therapy.

Depleting anti-CD4 monoclonal antibody

CD4 T cells are considered to play a major role in
MS pathogenesis. An open trial showed that treat-
ment of MS patients with the depleting chimeric
anti-CDh4 monoclonal antibody ¢cM-T412, priliximab,
induced a long-lasting reduction of CD4 T cells with
a safe procedure.”® * Based on these data, a con-
trolled phase II trial of this antibody was carried out
in 71 patients with active relapsing-remitting and
secondary progressive MS.>® However, that trial was
essentially negative. In that trial, although there was
a long-lasting reduction of peripheral CD4 T cells
without causing major toxicity, this antibody did not
show any significant effect on the number of active
lesions on the monthly gadolinium-enhanced MRI
over 9 months. In addition, secondary efficacy
parameters, such as Expanded Disability Status Scale
(EDSS) progression or the number of courses of
methylprednisolone, were not influenced by anti-
CD4  treatment. Immunological  investigations
showed the reduction in the number of peripheral
T cells, which was preferentially observed in CD4 T
cells.’’ This effect was more pronounced in naive
CD4 T cells, and prior activated CD4 T cells were rel-
atively preserved. In addition, IFN-y-producing cells
were not affected, and IL-4-producing cells
decreased. Thus, the significant increase of the Th1/
Th2 ratio was observed. This might provide an
explanation for the lack of clinical efficacy of deplet-
ing anti-CD4 monoclonal antibody. These observa-
tions show that the strategies targeting surface
molecules exclusively expressed on activated T cells
might have a more selective efficacy. There are sev-
eral other mechanistic interpretations for the lack of
clinical efficacy of depleting anti-CD4 monoclonal
antibody.?! In animal models of MS, anti-CD4 anti-
body treatment was successful when it was given
during the period of disease induction. Development
of the disease is considered to be mainly dependent
on the recruitment of naive T cells, and thus it is

H. Ochi

conceivable that treatment is effective. However, in
animal models, treatment with depleting anti-CD4
monoclonal antibody did not have any effect on dis-
case activity in the already established disease. This
shows that anti-CD4 antibody doses not effectively
influence the ongoing immune responses. Taken
together, the timing of intervention by anti-CD4
antibody might be critical in ongoing immune
responses, and future therapy has to be directed at
the primed CD4 T cell subset. Another lesson from
this trial is that CD8 T cells are also important effec-
tors in MS. B cells and CD8 T cells are dispensable
in many experimental autoimmune encephalomyeli-
tis (EAE) models; however, MS lesions have similar
or higher frequencies of CD8 T cells than that of
CD4 T cells.”

TNF-o neutralization therapy

Several lines of evidence suggest that together with
IFN-y, TNF-o is an essential pathogenetic factor in
MS. It has been detected in active MS plaques and
in vitro study has also shows that TNF-u is cytotoxic
for oligodendrocytes. In addition, TNF-o neutraliza-
tion showed a positive effect on disease pathogenesis
in various animal models of MS.*? Thus, TNF-o neu-
tralization is considered to be a potential therapy for
MS. So far, two agents that antagonize TNF-o signal-
ing were tested in MS. One is humanized mouse
1gG1 chimeric monoclonal ant-TNF-o antibody CA2,
infliximab. The other is recombinant TNF-receptor
p55 immunoglobulin fusion protein sTNFR-IgG p55,
lenercept.

In an open phase I trial, two patients with rapidly
progressive MS were treated with infliximab.>?
Although there was no clinical deterioration, gado-
linium-enhancing lesions increased transiently after
the treatment in both patients, together with exacer-
bation of cerebrospinal fluid (CSF) findings, such as
leukocytosis and elevated IgG index. This antibody is
shown to be efficacious in Crohn’s disease and rheu-
matoid arthritis. Acute demyelinating episodes are
an infrequent, but feared complication of its treat-
ment.”® It is possible that infliximab might induce
the intrathecal immune activation; however, there
was no detectable antibody in the CSF of either
patient.

The other agent, lenercept, is a TNF-o capture
molecule, and was tested in a double-blind, random-
ized, placebo-controlled phase II trial in 168 patients
with mainly relapsing-remitting MS.?> There were
no significant differences in terms of MRI parameters
or EDSS scores. However, patients treated with

© 2014 Japanese Society for Neuroimmunology
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lenercept had a higher number of clinical exacerba-
tions; more relapses, relapses lasted longer and
tended to be more severe. The reason why there
was a discrepancy between clinical exacerbations
and MRI findings is not clear so far. Lanercept has
the Fc portion of immunoglobulin, and it might acti-
vate Fc receptor-bearing immune cells.

There are several possible explanations for the lack
of efficacy of TNF-o neutralization therapy. The first
possibility is the potent immunosuppressive proper-
ties of TNF-0.>® TNF-o is reported to induce IL-10
production, and thus blockage of IL-10 induction by
TNF-o. might, in part, account for the failure of ben-
eficial impact. In the EAE model, TNF-a deficient
mice showed prolonged auto-reactive T cell activity,
leading to exacerbated disease. The second possibility
is the existence of a window of therapeutic opportu-
nity.?” In animal studies, anti-TNF-o treatment was
shown to be more efficacious when delivered before
disease onset rather than during remission. In addi-
tion, TNF-a-deficient mice showed delayed onset of
EAE with comparable disease severity.>® This shows
that an initial priming event might depend more on
TNF-a signaling than relapse events.

TNF-a is also known as a pleotropic cytokine, and
there are two signals through TNF receptor 1
(TNFR1) and TNF receptor 2 (TNFR2).>>*® Stimula-
tion of these receptors induces two opposing signal-
ing events. In general, TNFR1 is a major mediator of
TNFR-signaling, and this signaling results in apopto-
sis and inflammation. Both of which depend on the
cellular environment, such as the state of activation
and cell cycle. In contrast, TNFR2 expression is
restricted to highly activated T cells in the immune
system. In the central nervous system, this receptor
is expressed on neuronal cells, oligodendroctes, mi-
croglia and astrocytes. TNFR2 signaling induces cell
survival pathways that can result in cell prolifera-
tion. This signaling is also shown to be necessary for
TNF-a-induced regeneration of myelin-forming oli-
godendrocyte precursor cells. Taken together, TNF-o
might mediate an “on and off” signal in the MS
pathogenetic cascade, and pleiotropic function might
be a barrier toward translational development of
TNF-a targeted therapy.

Targeting the IL-12/IL-23 pathways

Thl and Th17 immune pathways play a crucial role
in the pathogenesis of several immune-mediated dis-
orders including MS. IL-12 induces Thl cells, and
IL-23 promotes the expansion and survival of Th17
cells. Therefore, targeting the IL-12/IL-23 pathways

© 2014 Japanese Society for Neuroimmunology
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is an attractive approach in the treatment of MS.*!
IL-23 is a heterodimeric protein composed of pl9
and p40 subunits. The p40 subunit is also a compo-
nent of IL-12. Thus, neutralization of the p40 sub-
unit is believed to be able to block both Thl and
Th17 inflammatory pathways. Ustekinumab is a fully
humanized IgGl monoclonal antibody that blocks
the activity of the p40 subunit common to IL-12 and
IL-23, and has been evaluated in 249 patients with
relapsing-remitting MS.** Treatment with this anti-
body was generally safe and well tolerated. Us-
tekinumab treatment did not show a significant
clinical improvement or a radiological improvement.
The cumulative number of new gadolinium-enhanc-
ing Tl-weighted lesions did not differ between
ustekinumab and placebo groups. Overall, us-
tekinumab was not shown to be efficacious for the
treatment of MS. There are several explanations for
the lack of therapeutic efficacy of this antibody. The
therapeutic efficacy of ustekinumab might depend
on the disease stages. In the EAE model, this anti-
body was shown to be more effective in the preven-
tion regimen than the therapeutic regimen for
established disease.*®> Thus, IL-12/IL-23 might have
greater involvement in the initiation and expansion
of pathogenic T cells. Another possibility is the cru-
cial role of B cells and CD8 T cells in the pathogene-
sis of MS. Additionally, the blood-brain barrier
(BBB) might be insufficiently disrupted in MS as
compared with EAE and ustekinumab, and with an
approximate molecular weight of 150 kDa, it might
not have crossed the BBB. The pP40 subunit needs
to be neutralized in the CNS to achieve a significant
therapeutic effect in MS.

Targeting the IL-17 pathway

[L-17 is a hallmark cytokine of Th17 cells, and is
produced mainly by Th17 cells. Th17 activation and
excessive production of IL-17 lead to autoimmunity
and chronic inflammatory responses.** An increased
number of Th17 cells has been shown in the lesions
of MS, and dysregulation of Th17 cells is thought to
play a critical role in MS immunopathogenesis.*’
Therefore, targeting the IL-17/Th17 pathway is an
attractive approach in the treatment of MS.
Although ustekinumab, which also targets IL-17 sig-
naling indirectly through IL-23, failed to show clini-
cal efficacy in MS, an early clinical trial of
secukinumab, which is a fully humanized IgGl
monoclonal anti-IL-17A antibody and a highly selec-
tive inhibitor of IL-17A signaling, showed promising
efficacy.*® The first results of 73 patients showed a
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significant reduction of combined unique active
lesions during weeks 24-48 in the secukinumab
group, and a trend towards reducing the annual
relapse rate was also observed. This result supports
the concept that the IL-17 pathway plays a crucial
role in the MS pathogenetic cascade,

Novel and emerging molecular targeted therapy

Immune cell-depleting anti-CD52 monoclonal antibody
(alemtuzumab)

Alemtuzumab is a humanized IgGl monoclonal anti-
body against CD52."7 CD52 is expressed on the sur-
face of wvarious immune cells, including B and
T cells, natural killer cells, dendritic cells, and most
monocytes and macrophages, the exact biological
function of this molecule is not fully understood.™®
This antibody against CD52 was developed as an
antibody that could selectively kill human lympho-
cytes, and was licensed as a treatment for fludara-
bine-resistant chronic B cell leukemia.* In addition,
this antibody has been used off label in autoimmune
hematological diseases, such as immune thrombocy-
topenic purpura, and in organ transplantation as an
induction agent.

The first MS patients were treated with this anti-
body in 1991, and a total of 36 patients with pro-
gressive MS were treated by 1999.°° A dramatic
reduction in the number of gadolinium-enhanced
lesions, maximally by over 90% and a 97% reduc-
tion in the relapse rate were observed for at least
18 months after a single pulse of treatment (given as
a 20-mg daily intravenous infusion for 5 days).”!
Despite disruption of the inflammatory process,
however, half of the patients experienced disease
progression. In these patients, the accumulation of
new lesions was suppressed; however, progressive
cerebral atrophy on follow-up MRI was observed,
and their disability worsened with time. Patients
with progressive disability showed higher inflamma-
tory activity before alemtuzumab therapy. This result
raised the possibility that immunotherapy with ale-
mtuzumab might be more beneficial if given in the
early course of relapsing-remitting phase.

This result led to a change in therapeutic strategy,
and an open-label pilot study of 58 patients with MS
was carried out.>® This trial consisted of 22 patients
with early active relapsing-remitting MS and 36
patients with secondary progressive MS. In this trial,
although significant effects on inflammatory activity
were observed equally in both groups, the disability
outcome was differently affected depending on the
phase of the disease. In secondary progressive MS,
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sustained accumulation of disability and a reduction
in cerebral volume were observed. In contrast, in
carly active relapsing-remitting MS, the mean EDSS
score fell by 1.4 points and 16 of 22 (73%) patients
improved in their disability by 1 year. This early trial
of alemtuzumab clearly shows the existence ol a
“window of therapeutic opportunity” in the disease
course, and supports the concept that MS is an
immune-mediated disorder. Early rescue of neurons
and axons from toxic inflammatory environment
might result in the prevention of neuronal and axonal
degeneration associated with long-term disability.

As a consequence, clinical development of ale-
mtuzumab focused on patients with early active
relapsing-remitting MS. In the phase II and IHI trials
of alemtuzumab, patient selection was limited to those
with short disease durations and limited disability
measured by EDSS (Table 1).°*” Conclusions from
these trails are that alemtuzumab treatment is more
effective than subcutaneous IFNP-la with regard to
relapse rate reduction and disability accumulation
rate. In addition, there was a small improvement in
the degree of disability during the phase II trial of
carly active relapsing-remitting MS.”? Notably, the
clinical effect of alemtuzumab is remarkably long-
lasting, and appears to persist even 5 years after
the last infusion. The 5-year follow up of the
phase 11 trial showed that alemtuzumab lowered
the relapse rate by 69% and the risk of sustained
accumulation of disability by 72% compared with
IFNB-1a.”¢

The underlying mechanism is not yet fully under-
stood. Alemtuzumab almost completely depletes the
circulating T and B cells. The anti-inflammatory effect
induced by lymphopenia could account for the early
treatment efficacy; however, it is unlikely for the
long-lasting efficacy. Long-term clinical efficacy of
alemtuzumab can be attributed to qualitative changes
in repopulating lymphocyte subset.?” It is possible that
these promote immune tolerance and suppression of
the effector T cell repertories. An immunological
mechanistic study showed that monocytes and B cells
returned rapidly to the pretreatment value after the
treatment of alemtuzumab. However, the recovery of
T cells was much slower, with CD4 and CD8 T cells
reaching 32.9% and 55.4% of pretreatment values,
respectively, by 12 months. During immune repopu-
lation, qualitative changes have been observed. For
example, after the treatment of alemtuzumab, prefer-
ential expansion of CD25+ regulatory cells and signifi-
cant expansion of Th2 cells were observed. In
addition, B cell reconstitution was also observed.
After their return to pretreatment value, B cells
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Mechanism of multiple sclerosis

Table 1 Phase /1l clinical trials of alemtuzumab focused on patients with early active relapsing—remitting multiple sclerosis

CAMMS223% CARE-MS I CARE-MS II°*
Comparator SC IFNB-1a SC IFNB-1a SC IFNB-1a
Baseline demographics Early active Treatment naive Relapse on DMT
Mean age (years) 32 33 35
Mean disease duration (years) 13 (<3) 2.1 (<5) 45 (<10)
Mean EDSS 20 (23) 2.0 (<5) 2.7 (<5)
ARR 13 1.8 16
Clinical outcomes
ARR at end of study (vs comparator) 0.1 (vs 0.36) 0.18 (vs 0.39) 0.26 (vs 0.52)
Relapse rate reduction 74% 55% 49%
Relapse-free patients (vs comparator) 80% (vs 52%) 78% (vs 59%) 65% (vs 47%)
Mean change of EDSS (vs comparator) —0.39 (vs +0.38) —0.14 (vs —0.14) —0.17 (vs +0.24)

Sustained disability progression (vs comparator)

9% (vs 26%)

8% (vs 11%) 9% (vs 22%)

ARR, annualized relapse rate; CARE-MS, Comparison of Alemtuzumab and Rebif Efficacy in Multiple Sclerosis; DMT, disease modifying therapy; EDSS,

Expanded Disability Status Scale; IFN, interferon; SC, subcutaneous.

exceed the pretreatment value by 124-165% at
12 months. In the B cell pool, mature naive B cells
became dominated, and memory B cells were sup-
pressed by 25% of the pretreatment value even at
12 months. Furthermore, it is suggested that reconsti-
tuting lymphocytes might promote brain repair possi-
bly through production of neurotrophic factors.’®
Alemtuzumab trials support the concept that MS is an
immune-mediated disease, and dysregulation in the
distribution of B and T cell subsets might underlie the
disease activity.

Targeting IL-2 receptor signaling: Anti-CD25
monoclonal antibody (daclizumab)

IL-2 plays a pivotal role in the differentiation and
homeostasis of T cells.’® IL-2 has been called the
“T cell growth factor,” because IL-2 signaling medi-
ates clonal expansion of activated T cells and pro-
motes their effector functions. The high affinity of
IL-2 receptor (IL-2R) is upregulated on activated or
abnormal T cells, such as those in autoimmune dis-
ease. These observations reinforced the idea that IL-
2 promotes T cell immunity. As a consequence, it
was believed that blockage of IL-2 signaling would
be a candidate for the treatment of MS.°

IL-2R is composed of three distinct subunits: o
chain, B chain and v chain.®’ To achieve high-affin-
ity binding to IL-2, all three chains are required; the
o chain confers high-affinity binging to IL-2, the B
and vy chains compose the intermediate-affinity
receptor, and a-chain alone represents the low-affin-
ity receptor. Daclizumab is a humanized IgGl mono-
clonal antibody against the o chain of the IL-2R
(CD25) that blocks the interaction of CD25 with

© 2014 Japanese Society for Neuroimmunology

IL-2 by binding specifically to the Tac epitope of
CD25.°* Consequently, daclizumab blocks low- and
high-affinity IL-2R, whereas there is no effect on
IL-2 signaling through the intermediate affinity
IL-2R. The high affinity IL-2R is expressed on not
only activated T cells, but also CD4+ CD25+ Foxp3+
regulatory cells (Treg). Treg play an important
immunoregulatory role in MS by suppressing effec-
tor autoreactive T cells, and are dependent on IL-2
for their survival and immunoregulatory function.®
Blockage of CD25 on these cells results in the reduc-
tion in their number in vivo, and their suppressive
function in vitro.** In addition, blockage of CD25 by
daclizumab results in the inhibition of apoptosis of
effector T cells.®® Furthermore, humans with a
genetic deletion of CD25 also showed both lympho-
proliferative disorders and severe immunodefi-
ciency.®® Taken together, it can be speculated that
daclizumab therapy should activate T cell immunity.
However, positive treatment effects and the favor-
able safety profile of daclizumab were observed in
other chronic human inflammatory conditions, such
as human T lymphotropic virus 1-associated myelop-
athy/tropical spastic paraparesis and inflammatory
uveitis.*” As a consequence, based on the assump-
tion that daclizumab would block the activation and
expansion of autoreactive T cells that play a central
role in the immunopathogenesis of MS, four small
open-label trials were carried out using daclizumab
in active relapsing-remitting MS and secondary pro-
gressive MS (Table 2).2%%%7° These phase Ha trials
showed a profound inhibition of inflammatory dis-
ease activity, and were followed by two large
phase IIb trials in relapsing-remitting MS.”7? At
present, there are two ongoing phase III trials.

11



Mechanism of multiple sclerosis

Table 2 Phase W/l clinical trials of daclizumaly
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Trial Phase Design Population Size Duration {months) Results
Bielekova et al®® lla Open label RRMS/SPMS 10 6 78% | new Gd
70% | total Gd
Rose et al.” lla Open label RRMS/SPMS 19 525 Significant | in ARR, ED5S
Rose et al.”’ lia Open label RRMS/SPMS 9 28 Significant | in Gd, ARR, EDSS
Bielekova et al®” lfa Open label RRMS/SPMS 15 16 72% | new Gd
77% | total Gd
CHOICE”! Iib Add-on to IFNf RRMS/SPMS 230 6 72% | Gd
68% | new T2wl
SELECT™ b vs Placebo RRMS 600 12 ARR | (54%, 50%)
New Gd | (69%, 78%)
Disability | (57%, 43%)
DECIDE i vs IFNB RRMS 1800 24-36 Ongoing
OBSERVE i Open label RRMS 150 11 Ongoing

ARR, annualized relapse rate; EDSS, Expanded Disability Status Scale; Gd, gadolinium; IFN, interferon; RRMS, relapsing-remitting multiple sclerosis;

SPMS, secondary progressive multiple sclerosis.

Mechanistic studies could not confirm the inhibi-
tory effect of daclizumab on activated T cells.”” Fur-
thermore, the number of Treg, their in vivo
proliferation and #n vitro suppressive functions are all
significantly inhibited. This apparent discrepancy
between the clinical and immunological eflect of
daclizumab in patients with MS suggests the exis-
tence of the additional effects of daclizumab on the
human immune system. Subsequent immunological
mechanistic studies showed the seven- to eightfold
increased CD56" ™" Natural Killer (NK) cell number
in the peripheral blood and the CSE.S*¢%7%7% 1
addition, an increased number of CD56"#" NK cells
correlated negatively with inflammatory activity on
MRL’* This NK cell subset is known as a regulatory
NK cell, and can kill autologous activated T cells by
the granzyme pathway.”® Blockage of autocrine IL-2
stimulation by daclizumab leads to an increase of
local IL-2 availability. Therefore, more IL-2 becomes
available for cells expressing intermediate affinity IL-
2R. This results in the expansion of immunoregula-
tory CD56"#" NK cells that express intermediate
affinity IL-2R. In addition, daclizumab blocks IL-2
transpresentation of mature dendritic cells to primed
T cells expressing intermediate affinity IL-2R, leading
to the targeted inhibition of dendritic cell-activated
antigen-specific T cells.”” These pathways are consid-
ered to result in the reduction of inflammatory
activity in MS.

Conclusion

Successful trials with theoretically promising agents
can provide the profound understanding of the
immunopathological mechanism of MS. The extre-
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mely promising clinical efficacy of alemtuzumab
supported the concept that MS is an immune-medi-
ated disorder with an abnormally modified immune
cell repertoire. Mechanistic studies of daclizumab
provided a novel insight into the biology of IL-2 and
IL-2R interactions in the human immune system.
However, failed trials are more important for critical
revision of the assumed immunopathogenetic cas-
cade of MS.
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