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Abstract LINGO-1 is a leucine-rich repeat and Ig

domain-containing, Nogo receptor interacting protein,

selectively expressed in the CNS on both oligodendrocytes

and neurons. Its expression is developmentally regulated,

and is upregulated in CNS diseases and injury. In animal

models, LINGO-1 expression is upregulated in rat spinal

cord injury, experimental autoimmune encephalomyelitis,

6-hydroxydopamine neurotoxic lesions and glaucoma

models. In humans, LINGO-1 expression is increased in

oligodendrocyte progenitor cells from demyelinated white

matter of multiple sclerosis post-mortem samples, and in

dopaminergic neurons from Parkinson’s disease brains.

LINGO-1 negatively regulates oligodendrocyte differenti-

ation and myelination, neuronal survival and axonal

regeneration by activating ras homolog gene family

member A (RhoA) and inhibiting protein kinase B (Akt)

phosphorylation signalling pathways. Across diverse ani-

mal CNS disease models, targeted LINGO-1 inhibition

promotes neuron and oligodendrocyte survival, axon

regeneration, oligodendrocyte differentiation, remyelina-

tion and functional recovery. The targeted inhibition of

LINGO-1 function presents a novel therapeutic approach

for the treatment of CNS diseases.

1 Introduction

CNS disorders with neurodegeneration (multiple sclerosis

[MS], Parkinson’s disease [PD], glaucoma) are diseases

characterized by progressive loss of function, neuronal cell

death and disability [1–4]. Although there are many dif-

ferent causes for neuronal cell loss, the study and identi-

fication of outcome similarities at a molecular level could

lead to CNS regeneration therapeutics that are effective

against multiple neurodegenerative indications.

Therapeutic targets for the treatment of neural dys-

function include those that have restricted tissue distri-

bution and critical roles in the establishment or

maintenance of function of neural circuitry. Certain leu-

cine-rich repeat (LRR) proteins play key roles in CNS

biology, making them attractive development targets for

the treatment of CNS disorders [5–7]. Examples include

secreted ligand for the transmembrane protein (SLIT) and

amphoterin-induced gene and ORF (AMIGO) that func-

tion in axon guidance, and Nogo-66 receptor (NgR1) and

oligodendrocyte-myelin glycoprotein (OMgp) that regu-

late axon regeneration [6–9]. An effort to identify novel

CNS-specific LRR proteins led to the discovery of

LINGO-1 [10]. LINGO-1 is specifically expressed on

oligodendrocytes and neurons of the CNS and is a potent

negative regulator of oligodendrocyte differentiation,

neuronal survival and axon regeneration [10, 11].

LINGO-1 expression is upregulated during CNS injury

across diverse animal models and in human CNS diseases

[12, 13]. The underlying mechanisms leading to the ele-

vated LINGO-1 levels during injury and CNS diseases are

unknown. LINGO-1 forms a complex with growth factor

receptors to block their functions [10, 14, 15]. To date,

four pathways have been elucidated (Fig. 1). In dopami-

nergic neurons, LINGO-1 binds to epidermal growth

factor receptor (EGFR), and in retinal ganglion cells, it

binds to TrkB to block survival pathways [14, 15]. In

oligodendrocytes, it blocks differentiation by forming a

receptor complex with erythroblastic leukaemia viral

oncogene homolog 2 (ErB2) (unpublished data). LINGO-
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1 binds to the NgR1 complex in neurons and axons to

inhibit axon regeneration by activating the RhoA pathway

[10]. Many LINGO-1 antagonist modalities have been

used to assess its activity. Attenuation of LINGO-1

function in vitro using interfering RNA (RNAi) to

decrease LINGO-1 messenger RNA level [10, 11], dom-

inant negative LINGO-1 with intact extracellular and

transmembrane domains but lacking its cytoplasmic tail to

disrupt downstream signalling [10, 11, 16], soluble

LINGO-1 containing only its extracellular domain to act

as a receptor antagonist [10, 11, 13, 14, 16, 17] and

neutralizing anti-LINGO-1 antibodies [12–18] all promote

oligodendrocyte differentiation, neuronal survival and

axon regeneration. Antibodies that block LINGO-1 func-

tion in vitro promote remyelination, neuronal survival/

axon regeneration and functional recovery in animal

models of CNS diseases [12, 14, 15, 17–21]. Key aspects

of LINGO-1 biology have also been recapitulated using

LINGO-1 null mice [12, 14]. Together these studies show

that LINGO-1 is an important component in pathways

leading to neuronal survival and regeneration, and

blocking LINGO-1 function could be an approach for

developing therapeutics across diverse CNS diseases.

2 LINGO-1 is a CNS-Specific Membrane-Associated

Glycoprotein

LINGO-1 is a 614 amino acid protein encoded on chro-

mosome 15 (15q24.3 GI:15029689) and selectively

expressed in the CNS. It is a member of a new protein

family that in humans comprises LINGO-1 and its three

paralogs: LINGO-2 (GI:12309630, 61 % protein identity),

LINGO-3 (GI:23342615, 56 % identity) and LINGO-4

(GI: 21211752, 44 % identity). LINGO-1 contains 12 LRR

motifs flanked by N- and C-terminal capping domains, one

Ig domain, a transmembrane domain and a short cyto-

plasmic tail. The cytoplasmic tail contains a canonical

EGFR-like tyrosine phosphorylation site (residue 591).

LINGO-1 is highly conserved evolutionarily, with human

and mouse orthologues sharing 99.5 % identity. By

Northern blot analysis, LINGO-1 is expressed in the brain

and spinal cord, and is not detectable in non-neural tissues

[10]. LINGO-1 expression occurs in all regions of the rat

brain examined [10, 16, 22–24]. A rostral to caudal gra-

dient of LINGO-1 expression was observed in the adult

CNS, with highest levels found in the cortex and lowest

levels in the spinal cord [10]. Taqman reverse transcription

Fig. 1 LINGO-1 signalling

complexes. LINGO-1 binds to

NgR, TrkB, EGFR and ErB2

receptors in the CNS and

negatively regulates

downstream signalling

molecules involved in axon

regeneration, neuronal survival

and oligodendrocyte

differentiation and myelination.

BDNF brain-derived

neurotrophic factor, EGFR

epidermal growth factor

receptor, ErB2 erythroblastic

leukaemia viral oncogene

homolog 2, NgR nogo receptor,

P75 P75 neurotrophin receptor,

RGC retinal ganglion cells,

TrkB tyrosine kinase receptor B,

Troy tnfrsf 19
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polymerase chain reaction (RT-PCR) quantitation of

LINGO-1 expression from embryonic and postnatal rat

brains showed expression levels peaking around postnatal

day 1 (P1) and decreasing thereafter into adulthood [10].

Figure 2 shows the expression of LINGO-1 in adult rat

tissues by Western blot analysis. Consistent with the

Northern blot data, LINGO-1 is expressed in the brain and

spinal cord, but not in other tissues. The expression of

LINGO-1 in the brain was further localized by in situ

hybridization, immunohistochemistry and RT-PCR.

LINGO-1 is expressed in neurons and oligodendrocytes as

is evident from co-localization of LINGO-1 and bIII

tubulin, a specific marker of neurons, and O4, a specific

marker of oligodendrocytes [10, 11, 16]. The high speci-

ficity to the CNS, developmental regulation and induction

following injury and CNS diseases [20, 21] suggests

important roles for LINGO-1 in regulating neuronal sur-

vival, axon regeneration and timing of oligodendrocyte and

neuron interactions for myelination during development

and disease.

3 Blocking LINGO-1 as a Treatment for Multiple

Sclerosis

MS is an inflammatory demyelination disease of the CNS

that is progressive, chronic and heterogeneous. MS is the

most frequently occurring, non-traumatic neurological

disease affecting young adults [25, 26]. Autoimmune

mechanisms are believed to play a critical role in MS

disease pathogenesis and all susceptibility genes identified

to date are related to immune function rather than neuro-

degeneration [27]. The disease has a complex and varied

pathology, but is typically characterized by acute, multi-

focal, CNS autoimmune-mediated demyelination, oligo-

dendrocyte injury and axonal loss [25, 26]. In many cases,

demyelination is followed by spontaneous remyelination, a

repair process in which new myelin sheaths are formed

[28]. For the majority of patients, this recovery process

ultimately fails, and a persistent demyelination with a

subsequent loss of axons results in progressive and irre-

versible functional deficits and neurological disability.

Currently approved and available MS treatments only

modulate inflammatory components of the disease. No

treatments target the regenerative process of remyelination

and axonal protection.

The reasons for remyelination failure in MS are poorly

understood [28–30]. The identification of undifferentiated

oligodendrocyte progenitor cells (OPC) within demyeli-

nated lesions or plaques suggests that inhibitors such as

myelin debris, chondroitin sulfate proteoglycans, dysregu-

lated Wnt signalling pathway, Notch or hyaluronan may

prevent OPC differentiation and remyelination [31–36].

The OPC differentiation inhibitor, LINGO-1, is also

expressed in the OPC of demyelinated MS lesions [11, 13].

The negative role of LINGO-1 in oligodendrocyte dif-

ferentiation was studied by four different approaches to

reduce endogenous LINGO-1 function: LINGO-1 RNAi,

dominant-negative LINGO-1, soluble LINGO-1, and neu-

tralizing anti-LINGO-1 monoclonal antibody [11]. All four

approaches resulted in morphological changes character-

istic of more highly differentiated mature oligodendrocytes

such as increased process lengths and branching, and for-

mation of abundant myelin sheet structures. These changes

were accompanied by biochemical indicators of OPC

maturation such as increased myelin basic protein (MBP)

expression, a marker for oligodendrocyte differentiation.

Dramatic morphological changes also seen on human

OPCs following anti-LINGO-1 antibody treatment are

shown in Fig. 3a. By contrast, over-expression of full-

length LINGO-1 (FL-LINGO-1) inhibits OPC differentia-

tion [16]. Consistent with the hypothesis that LINGO-1 is a

negative regulator of oligodendrocyte differentiation, cul-

tured OPCs from LINGO-1 knockout (KO) mice differ-

entiated more rapidly than cells from wild-type (WT)

littermates (Fig. 3b) [11]. Regulating the differentiation of

oligodendrocytes is likely to have significant impact on

myelination, and the effects of LINGO-1 antagonists on

Fig. 2 Western blot of LINGO-1 expression in rat tissue lysates following immunoprecipitation and detection with anti-LINGO-1 monoclonal

antibodies
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oligodendrocyte differentiation suggest its blockade might

facilitate CNS myelination. This concept has been tested

in vitro using oligodendrocyte/neuron co-cultures. In co-

cultures of rat primary oligodendrocytes and DRG neurons,

in the presence of nerve growth factor (NGF), very limited

myelination was observed, consistent with findings from

other laboratories [16, 37]. By contrast, addition of soluble

LINGO-1, dominant negative LINGO-1 or anti-LINGO-1

antibody to the NGF-containing medium promoted myeli-

nation in a dose-dependent manner [16], which correlated

with increased expression of myelin-associated glycopro-

tein (MAG), a myelin protein expressed early in myelina-

tion, and MBP, the major protein component of myelin. By

contrast, over-expression of FL-LINGO-1 decreased the

number of MBP? cells [11]. Ultrastructure studies revealed

multiple, well-formed internodes and structures that

resembled nodes of Ranvier in soluble LINGO-1-treated

cultures [11]. The negative role of LINGO-1 in oligoden-

drocyte differentiation and myelination was further verified

using LINGO-1 KO mice. LINGO-1 KO mice showed

early-onset CNS myelination during postnatal days 5–15,

then reaching the same level of myelination as WT mice at

adulthood [11]. No effects on PNS myelination were

detected in the KO mice. These data support the notion that

endogenous LINGO-1 negatively regulates oligodendro-

cyte differentiation and myelination.

The ability of LINGO-1 antagonists to promote remye-

lination was tested in lysolecithin (LPC)-induced and cu-

prizone demyelination models [13]. In the LPC model,

demyelination occurs within 1 day of LPC treatment. LPC

was injected into the dorsal columns of adult rats on day 0

and intraperitoneal administration of anti-LINGO-1 anti-

body occurred on day 2 (3 mg/kg every third day for an

additional 7 days). Remyelination was determined by

Luxol fast blue (LFB) staining of lesion tissue sections;

myelinated white matter appeared dark blue and demyeli-

nated lesions were pale blue or white. Sections from con-

trol antibody-treated animals showed large lesions with

extensive areas of demyelination, whereas much smaller

lesions were apparent in the anti-LINGO-1 antibody-trea-

ted group, 9 days after LPC injection (Fig. 4). Consistent

with the LFB staining, anti-LINGO-1 antibody-treated

animals also showed increased MBP staining in the lesions

with morphology typical of myelinated axons when com-

pared with controls. To determine whether the differences

in LFB staining represented enhanced remyelination, anti-

Fig. 3 LINGO-1 antagonists

promote oligodendrocyte

differentiation detected with

anti-MBP staining. a Human

OPC treated with an anti-

LINGO-1 antibody or an

isotype control antibody. b OPC

from wild-type (WT) or

LINGO-1 knockout (KO) mice.

MBP myelin basic protein, OPC

oligodendrocyte progenitor cell
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LINGO-1 antibody and control treated lesions were

examined by light and electron microscopy. Quantitation of

putative myelinated axons in 1-lm sections stained with

toluidine blue demonstrated a threefold increase in mye-

linated fibres in anti-LINGO-1 antibody-treated animals

compared with controls. Electron microscopy confirmed a

threefold increase in myelinated axons from anti-LINGO-1

antibody-treated animals compared with control-treated

animals [13]. With the goal of developing a non-invasive

method of analysis that could be applied to humans, re-

myelination was also examined by magnetization transfer

ratio (MTR), a non-conventional MRI technology. In these

studies, LPC was stereotactically injected into the corpus

callosum in rat brains to induce demyelination and anti-

LINGO-1 antibody was administered by intraperitoneal

delivery 2 days after LPC treatment. A significantly higher

MTR signal was obtained in the anti-LINGO-1 antibody

treatment group, which correlated with increased LFB

staining for remyelination in corresponding tissue sections

from the same brains (Fig. 5) [38]. The cuprizone CNS

demyelination model is an alternative to the LPC model.

Blocking LINGO-1 with anti-LINGO-1 antibody treatment

similarly led to an increase in remyelination in the brain of

mice that were fed with cuprizone [13].

Experimental autoimmune encephalomyelitis (EAE) is a

widely accepted model for studying the clinical and

pathological features of MS. The clinical manifestations of

myelin oligodendrocyte glycoprotein (MOG)-induced

EAE, mirroring MS, comprise an autoimmune inflamma-

tory component and a neurological component, including

demyelination and axonal loss [39]. Two approaches were

used to demonstrate that blocking LINGO-1 promoted re-

myelination in EAE [12]. First, LINGO-1 knockout mice

exhibit greater resistance to the development of MOG-

induced EAE. EAE scores, which quantify the disease

progression by measuring motor dysfunction, were used to

monitor the functional improvement. Both WT and

LINGO-1 KO mice developed motor impairment; how-

ever, EAE scores were significantly lower in LINGO-1 KO

mice [12]. Damaged myelin sheaths, often displaying loose

and separated layers and degraded sheath structures were

present in the WT animals [12]. In contrast, LINGO-1 KO

EAE animals showed an abundance of newly formed

myelin sheaths that were notably thinner (Fig. 6). Twofold

more myelinated axons were present in LINGO-1 KO EAE

mice compared with their WT counterparts. In a second

approach, an anti-LINGO-1 antibody was tested in the rat

MOG-EAE model, a more clinically relevant assessment of

the therapeutic potential of LINGO-1 antagonism. 15 days

post-MOG immunization, rats with EAE scores of 1.0 were

treated either with an anti-LINGO-1 antibody or an

isotype-matched antibody delivered systemically by

Fig. 4 LINGO-1 antagonist

treatment promotes

remyelination. Remyelination

by an anti-LINGO-1 antibody

and isotype control were

evaluated histochemically in a

rat LPC-induced spinal cord

demyelination model following

systemic administration. Top

panel LFB staining for detecting

myelination in the LPC lesion.

Bottom panel MBP

immunohistochemical staining

remyelinated axons in LPC

lesion. LFB luxol fast blue, LPC

lysolecithin, MBP myelin basic

protein
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intraperitoneal injections. Similar to the studies with the

LINGO-1 KO mice, the anti-LINGO-1 antibody signifi-

cantly mitigated disease severity across all stages of dis-

ease progression based on rat EAE scores, when compared

with an isotype antibody control or a no-treatment control.

After a 2-week treatment, the anti-LINGO-1 antibody

group showed significantly lower EAE scores than the

control group. Most impressively, disease progression

appeared stabilized with a perceptible downtrend [12]. The

functional improvement correlated with increased axonal

remyelination in anti-LINGO-1 antibody-treated rats when

compared with control animals. Animals treated with a

control antibody showed severe white matter demyelina-

tion with a predominance of naked axons while anti-

LINGO-1 antibody-treated animals showed significantly

increased numbers of thinly myelinated axons in the de-

myelinated area, suggesting that anti-LINGO-1 antibody

treatment promoted axonal remyelination. Diffusion tensor

Fig. 5 Anti-LINGO-1 antibody

treatment promotes

remyelination. Remyelination

by an anti-LINGO-1 antibody

and isotype control were

evaluated using MTR imaging

in a rat LPC-induced brain

demyelination model following

systemic administration. Arrow

in top panel denotes the higher

MTR signal in an anti-LINGO-1

antibody-treated brain lesion.

Arrow in bottom panel denotes

the stronger LFB staining in a

rat corpus callosum lesion

following anti-LINGO-1

antibody treatment. LFB luxol

fast blue, LPC lysolecithin,

MTR magnetization transfer

ratio

Fig. 6 Electron microscopy to

visualize remyelinated axons in

EAE spinal cords from WT and

KO LINGO-1 mice (red arrows

denote some remyelinated

axons). Scale bar 5lm.

EAE experimental autoimmune

encephalomyelitis, KO

knockout, WT wild-type
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imaging (DTI) was used to assess the integrity of myelin-

ated axons in the EAE spinal cords. The F value (DTI

signal) from the anti-LINGO-1 antibody-treated group was

significantly higher compared with the control group and

correlated well with the remyelination area seen in tolui-

dine blue-stained sections [12]. Axonal integrity was also

confirmed by immunohistochemistry staining for b amy-

loid precursor protein (APP), a marker for axonal damage

elevated in MS lesions. Fewer APP-positive axons were

observed in the white matter of the anti-LINGO-1 anti-

body-treated EAE spinal cords compared with the controls

[12]. These studies suggest that antagonism of LINGO-1 is

a viable approach for the treatment of CNS demyelinating

diseases, such as MS.

The pharmacokinetic/pharmacodynamic relationships

following treatment with anti-LINGO-1 antibody were

investigated in normal and MOG-induced EAE rats by

measuring antibody levels in blood and the CNS and cor-

relating these with dose-efficacy responses [40]. Antibody

levels in the brain and spinal cord followed an exponential

disposition that paralleled levels in blood, with calculated

area under the curve values of 0.15 % of blood levels. CNS

antibody levels in normal and MOG-EAE animals were

similar. To correlate antibody levels that promoted re-

myelination in the LPC model with receptor occupancy due

to LINGO-1 binding, the mg/kg doses were converted to

levels of antibody in the spinal cord and these data were

directly compared with in vitro LINGO-1 binding data. The

overlay of the binding and efficacy data sets revealed a

remarkable correlation between binding and extent of re-

myelination. The direct dependence of dose on the extent

of remyelination in the LPC model provides clear evidence

that remyelination is directly linked to binding.

4 Blocking LINGO-1 Promotes Axonal Regeneration

and Functional Recovery Following Spinal Cord

Injury

LINGO-1 is a component of the NgR1 complex involved in

RhoA activation and axon degeneration. The potential roles

of LINGO-1 were first revealed by demonstrating its

physical interaction with the NgR1 receptor complex, using

either protein interaction or cell-binding assays [10]. NgR1

forms a receptor complex with LINGO-1 and P75/Troy that

activates RhoA and blocks neurite outgrowth upon binding

to inhibitory molecules such as MAG, OMgp and NogoA

[9, 41–43]. Blocking the LINGO-1/NgR1 interaction by

soluble LINGO-1 or dominant-negative LINGO-1 pro-

moted neurite outgrowth and RhoA inactivation in vitro.

To explore the physiological role of LINGO-1 in vivo,

soluble LINGO-1 was tested for its ability to promote axon

regeneration after spinal cord injury (SCI) induced by

dorsal hemi section at thoracic vertebra 6/7. The dorsal and

dorsolateral components of the corticospinal tract (CST)

were completely interrupted, with the ventral portion of the

CST left intact. The day after SCI, all animals exhibited

near complete hind limb paralysis. Continuous intrathecal

infusion of soluble LINGO-1 for 4 weeks after spinal cord

transection resulted in 60 % of treated animals showing

significant improvements in mobility [19]. To determine if

treatment with soluble LINGO-1 improved axonal regen-

eration, 2 weeks prior to termination of the study, CST

axons were anterogradely traced down the spinal cord by

injecting biotin dextran amine (BDA) into the sensory-

motor cortex to label regenerated axons. Significantly more

BDA labelled axons were observed in soluble LINGO-1-

treated rats compared with controls. The number of BDA-

labelled regenerated axons that physically contacted motor

neurons in the lumbar motor neuron pool, approximately

15 mm caudal to the site of transection, was greater in

soluble LINGO-1-treated animals than in controls [19].

Degenerated axons were quantified after spinal cord tran-

section as the mean distance between the closest BDA-

labelled axon terminal and the lesion edge [41]. Impres-

sively, axon retraction was reduced by approximately 50 %

in soluble LINGO-1-treated animals and this was directly

correlated with reduced RhoA activation [19]. In addition,

significantly more surviving neurons and oligodendrocytes

were observed in the lesion sites of spinal cord tissue in

soluble LINGO-1-treated animals compared with controls

[19]. Treatment with soluble LINGO-1 therefore improved

hind limb function, and this correlated directly with

enhanced axonal regeneration, less axon retraction,

reduced RhoA activation, and increased neuron and oli-

godendrocyte survival adjacent to the lesion. In a similar

study, a neutralizing LINGO-1 antibody also significantly

decreased RhoA activation and increased neuronal sur-

vival, with recovery of certain hind limb motor functions

[44]. These studies suggest that antagonism of LINGO-1 is

a viable approach for the treatment of SCI.

5 Blocking LINGO-1 Promotes Neuronal Survival

in Parkinson’s Disease Models

PD is the second most prevalent adult neurodegenerative

disorder and is characterized by differential degeneration

of dopamine (DA)-producing cells in the substantia nigra

and other midbrain structures. LINGO-1 is expressed in

DA neurons and it is upregulated in PD [14]. The role of

LINGO-1 in the survival of dopaminergic neurons has been

assessed in cell culture and animal models [14]. Blocking

LINGO-1 function by dominant-negative LINGO-1, solu-

ble LINGO-1 or anti-LINGO-1 antibody led to increases in

DA neurite length, and survival in a MPP? neurotoxicity
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paradigm in vitro. Increased DA neuron survival and

neurite outgrowth by LINGO-1 antagonism were also

observed in the 6-hydroxydopamine-induced cell degen-

eration model in vivo. Consistent with the LINGO-1

antagonist studies, increased DA neuron survival and

reduced motor asymmetry were observed in LINGO-1 KO

mice in a progressive 6-hydroxydopamine model [14].

The mechanism by which LINGO-1 affects DA neuron

survival is being elucidated. In animal models of PD,

upregulation of LINGO-1 coincided with decreased EGFR

protein levels, suggesting that endogenous LINGO-1 may

negatively regulate the EGFR/Akt signalling pathway [14].

EGFR treatment protected DA neurons in primary ventral

motor (VM) cultures and animal models of PD [14, 45–48].

Intracellular signalling of EGFR is mediated by the phos-

phoinositide 3-kinase (PI3 kinase) pathway [14], which

increases phosphorylation and activation of Akt [49].

Growth factor-activated PI3-kinase/Akt signalling path-

ways enhance neuronal survival and axonal regeneration.

Consistent with the functional link between LINGO-1 and

EGFR signalling, blocking LINGO-1 function increased

EGFR and phosphorylated-Akt levels in the DA neurons

coincident with its ability to protect DA neurons from

injury-induced cellular damage [14]. The clear effects of

LINGO-1 antagonists on DA neuron survival in vitro and

in vivo suggest that blocking LINGO-1 function could

provide therapeutic benefit for the treatment of PD.

6 Blocking LINGO-1 Promotes Neuronal Survival

in Glaucoma Disease Models

Glaucoma is a neurodegenerative disease characterized by

structural damage to the optic nerve and slow progressive

death of retinal ganglion cells (RGCs) [50]. Glaucomatous

damage leads to an elevation of intraocular pressure (IOP).

Current therapies, surgery or medications lower the IOP to

delay disease progression, but do not prevent RGC loss and

axon degeneration. Therefore promoting RGC survival is a

great unmet need for the treatment of glaucoma.

LINGO-1 is expressed and upregulated in injured RGCs

where it complexes with and negatively regulates TrkB

activation, a brain-derived neurotrophic factor (BDNF)

receptor [15, 17, 18]. Anti-LINGO-1 antibody and soluble

LINGO-1 treatment promoted TrkB phosphorylation by

BDNF and significantly reduced RGC loss when adminis-

tered intravitreously in a rat experimental ocular hyper-

tension model [15, 17, 18]. Interestingly, BDNF-alone

treatment had only a modest neuroprotective effect; while

combination treatment with BDNF and soluble LINGO-1

significantly prevented RGC death [17]. These results

indicate that LINGO-1 antagonists could protect RGCs

from degeneration and death that occur in glaucoma.

7 Status of the Anti-LINGO-1 Antibody (BIIB033)

Clinical Trial

BIIB033 is the first anti-LINGO-1 antibody to enter clini-

cal development. It is a fully human, IgG1 monoclonal

antibody that binds human LINGO-1 with high affinity and

specificity. BIIB033 has been engineered to have reduced

Fc gamma (Fcc) and complement effector functions com-

pared with WT IgG1. A phase I, single ascending-dose

study in healthy human volunteers and a phase I multiple-

dose study in subjects with relapsing remitting or second-

ary progressive MS have been completed. These studies

examined the safety, tolerability and pharmacodynamic

properties of BIIB033 (ClinicalTrials.gov Identifier

NCT01244139). The following is a summary of the key

findings from the two phase I studies: [1] following a single

intravenous and subcutaneous dose in healthy volunteers

and two repeated intravenous doses up to 100 mg/kg in MS

subjects, BIIB033 appeared to be safe and well tolerated;

[2] BIIB033 pharmacokinetics was linear with small vol-

ume of distribution, minimal target-mediated clearance and

a terminal elimination half-life of approximately

2–3 weeks; [3] although brain penetration of BIIB033 in

humans is expected to be low due to the blood–brain

Table 1 Potential clinical endpoints for the clinical development of

multiple sclerosis remyelinating/CNS reparative therapies

Physical examination

Expanded Disability Status Scale (EDSS)

Functional physical tests

Timed 25-feet walk

Nine-hole peg test

6-min walk test

Low-contrast letter acuity (1.25 %, 2.5 %)

Cognitive tests

Processing speed (symbol digits modalities test, brief

visuospatial memory test-revised)

Memory and learning (selective reminding test, brief visuospatial

memory test-revised, California verbal learning test)

Patient- and/or informant-reported outcomes

Multiple Sclerosis Walking Scale 12

Multiple Sclerosis Impact Scale 29

ABILHAND

National Eye Institute Visual Functional Questionnaire

Multiple Sclerosis Neuropsychological Questionnaire

Instrumental Activities of Daily Living

Patient-determined disease steps

Short Form-36 health survey

National Institute of Neurological Disorders and Stroke

NeuroQual Scores

ABILHAND a measure of manual ability for adults with upper limb

impairment
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barrier, intravenous infusion of doses C3 mg/kg or

C10 mg/kg in MS subjects resulted in BIIB033 concen-

trations in CSF comparable to the half maximal effective

concentration or greater or C90 % effective concentration,

respectively, based on dose-efficacy data in the rat LPC

demyelination spinal cord model [51].

Phase II studies for BIIB033 are planned for 2013. As

the first drug candidate to enter the clinic for CNS repair,

BIIB033 presents several drug development challenges.

These include the need to further evaluate its safety, tol-

erability and efficacy using clinical endpoints (Table 1)

and non-invasive methods to assess two potentially bene-

ficial mechanisms: (i) CNS remyelination and (ii) axonal

protection/repair. Although several non-invasive tech-

niques (evoked potentials, MTR, diffusion tensor imaging,

myelin water imaging, optical coherence tomography) are

available for the measurement of CNS protection and re-

myelination/repair, their sensitivity and specificity to these

processes remain incompletely understood. Much work

remains to better understand these various potential clinical

measurements for CNS remyelination and protection/

repair. There is also a great need for developing biomarkers

to identify responders and non-responders early into the

treatment. The lessons we learn in evaluating efficacy

readouts for BIIB033 should provide valuable insights in

the design of trials for new drug candidates that target CNS

remyelination and repair.

8 Conclusion

Many CNS diseases including MS, PD, glaucoma and SCI

are CNS neurodegeneration disorders with adverse conse-

quences that include neuronal death, axon degeneration,

gliosis and demyelination. Regeneration and repair of CNS

damage is complex, involving multiple cell types, inflam-

matory and neurological components, and the presence of

inhibitory factors. It is reasonable to assume that treatments

that reduce neuronal degeneration and maintain or restore

neuronal pathways and physiological circuits in CNS

neurodegenerative diseases would be of therapeutic benefit.

Neurotrophins and growth factors such as BDNF, NGF,

ciliary neurotrophic factor, platelet-derived growth factor

and glioma-derived growth factor have been clinically

tested without success due to their lack of tissue specificity

and associated non-target tissue toxicity [52–61]. Identi-

fying the inhibitors of regeneration and blocking their

function comprises a relatively unexplored strategy for

CNS regeneration. LINGO-1 is a particularly compelling

target because it is a CNS-specific protein and has negative

regulatory functions in axonal regeneration, neuronal sur-

vival, and oligodendrocyte differentiation and myelination.

The elevated levels of LINGO-1 in neuropathologies such

as in rat models of spinal cord injury, EAE and glaucoma

and in human MS and PD suggest that LINGO-1 and

associated pathways may inhibit functional repair in these

conditions. Preclinical experiments with LINGO-1 antag-

onists have validated the hypothesis that antagonism of

LINGO-1 is a viable approach for the treatment of neuro-

degenerative diseases. The ongoing clinical studies with

BIIB033 should, for the first time, allow evaluation of the

impact of drugs that target CNS repair on MS.
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