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NF-L as an immune target for pathogenic antibodies

Abstract

Antibodies directed to neuronal antigens are associated with several neurological 

diseases including paraneoplastic neurological disorders, epilepsy, amyotrophic 

lateral sclerosis (ALS), and multiple sclerosis (MS). Antibodies directed to 

neurofilament light (NF-L), a neuron-specific intermediate filament located 

in axons, are widely considered to be surrogate biomarkers of axonal injury in 

ALS and MS. It is however at present unknown whether and how autoantibodies 

against NF-L are pathogenic and contribute to neurodegeneration. Here we show 

for the first time that a monoclonal antibody (mAb) directed to mouse NF-L induced 

axonopathy in rat spinal cord co-cultures and promoted neurodegeneration in a 

mouse model of optic neuritis related to MS. In vivo stereotactic administration of 

mAb to NF-L into the cerebral cortex of C57BL/6 mice revealed internalisation of the 

antibodies by SMI32+ cells. To examine if such pathogenic antibodies are present 

in MS, we purified the immunoglobulin (Ig) G fraction from sera of people with MS 

with high levels of antibodies to NF-L. The pathogenicity of the purified IgG was 

revealed by their ability to augment clinical neurological experimental autoimmune 

encephalomyelitis (EAE) in ABH Biozzi mice. Taken together, our data reveals for 

the first time that mAb to NF-L contribute to experimentally-induced neurological 

disease, as do purified IgG from sera of people with MS with high levels of NF-L 

antibodies. Therefore, antibodies to NF-L may contribute to neurodegeneration in 

MS and other immune-mediated neurodegenerative diseases where NF-L antibodies 

are present.

Introduction

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the CNS 

that has a strong neurodegenerative component (1). Current therapies that target 

immune pathways are effective in people with MS with active inflammatory lesions, 

but are ineffective in people with MS with non-relapsing, progressive disease, who 

are generally considered to have irreversible axonal damage and neuronal loss. 

However, inflammation is observed in some people with primary and secondary 

progressive MS irrespective of the disease duration (2), indicating that immune 

responses may play a role in people with progressive disease. 

Although the aetiology of MS is still unclear, T cells and immunoglobulins (Igs) 

directed to myelin and axonal proteins are detected in people with MS (3-7), although 

some may also be present in healthy controls (7-9). Support for a pathogenic role of 

the immune response in MS comes from successful immunotherapy as a treatment 

strategy for relapsing-remitting MS (10) and from similarities with experimental 

autoimmune encephalomyelitis (EAE) models of MS. In EAE, autoimmune responses 

to myelin proteins and peptides (11-13) as well as spinal cord homogenates (14) 

induce chronic-relapsing neurological disease and demyelination particularly in the 

presence of demyelinating antibodies (15, 16). Likewise, autoimmunity to neuronal 

proteins also leads to neurological disease (8, 17, 18). As such, immunisation of mice 

with the neuron specific cytoskeleton protein neurofilament light (NF-L) induces 

spasticity and limb paralysis, symptoms that are also present in people with MS. 

Furthermore, immunoglobulins (Igs) are detected inside axons of mice which develop 

neurological disease, but it is unknown what the effect of antibody internalisation 

in these axons is (8). The presence of oligoclonal intrathecal antibody production 

in people with MS has led to a search for the specificity of these antibodies and 

the assumption that the antibodies are involved in the disease pathogenesis. Some 

of these antibodies are directed to NF-L and are increased in the cerebrospinal 
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fluid (CSF) (19) and serum (20) in people with progressive MS. However, it has not 

been demonstrated yet whether antibodies to NF-L are pathogenic. Recently, it 

has been shown that IgG and IgM localise with neurofilaments in MS lesions (21). 

Furthermore, antibodies to the neuronal antigens connectin-2 and neurofascin 

are present in MS serum and shown to be pathogenic in experimental animal 

models (3, 5). Purified human IgG (hIgG) from serum of people with MS induces 

demyelination and axonal damage in a rat myelinating co-culture system (22). 

Although autoimmunity to NF-L provokes experimental disease, it is presently not 

known whether antibodies to NF-L contribute to MS.

The aim of this study was to determine the pathogenic effect of antibodies directed 

to NF-L both in vivo and in vitro. We demonstrated that IgG purified from sera of 

people with MS with high levels of antibodies to NF-L exacerbated active EAE in 

mice. Furthermore, for the first time we showed that monoclonal antibody (mAb) to 

NF-L induced axonopathy in rat spinal cord co-cultures and in EAE mice with optic 

neuritis. Taken together, our results corroborate the pathogenicity of antibodies to 

neuronal antigens and show that antibodies to NF-L exacerbate clinical symptoms 

in experimental disease. These findings indicate that these antibodies might 

contribute to neurodegeneration in MS.

Materials and methods

Subjects

People with relapsing-remitting MS (RRMS) were recruited at The Royal London 

Hospital, London, UK and La Fe Polytechnic and University Hospital in Valencia, 

Spain. People with secondary progressive MS (SPMS) were recruited from the 

National Hospital for Neurology and Neurosurgery, London, and the Royal Free 

Hospital, London, UK (Table 1). Patients were diagnosed according to the McDonald 

criteria (23).

Sera were obtained with informed consent from the donors and the procedures 

were approved by the local ethical committees. Ethical approval was obtained from 

the North London REC 2 (10/H0724/36), Hospital Universitario La Fe Committee, 

University College London Hospitals Committee and National Research Ethics 

Committee (REC:06/Q0512/16, EudraCT: 2005-005588-27). All studies were 

carried out in accordance with The Code of Ethics of the World Medical Association 

(Declaration of Helsinki). 

Total IgG preparations were purified from serum samples showing high reactivity 

to NF-L protein in an enzyme-linked immunosorbent assay (ELISA, Table 1). Pooled 

samples were diluted 1:10 in phosphate buffered saline (PBS) and purified using 

a 1 mL HiTrap protein-G HP column (GE Healthcare) following manufacturers 

recommendations. Samples were concentrated using Amicon® Ultra centrifugal 

filters (UFC501096, Millipore, United Kingdom) and the buffer was exchanged for 

PBS. Concentration was measured using a NanoDrop ND-1000 Spectrophotometer. 

Reactivity of hIgG to NF-L was tested in mouse spinal cord homogenates and 

recombinant mouse NF-L by western blotting (Fig. 1).

Mice

Biozzi ABH (H-2dq1) female and male mice between 8-10 weeks old were obtained 

from Harlan Ltd (UK) or bred at Queen Mary University of London (UK). For optical 

coherence tomography and retinal ganglion cell (RGC) analysis, 10 weeks old 

female and male transgenic C57BL/6-Tg(Tcra2D2,Tcrb2D2)1Kuch.Cg-Tg(Thy1-

CFP)23Jrs/J mice expressing T cell receptors specific for myelin oligodendrocyte 
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glycoprotein (MOG) and RGC were used (24). Stereotactic studies were performed in 

10 week old C57BL/6 male mice obtained from Charles River (Germany). Animals 

were housed in a temperature-controlled room (25°C) and given access to food and 

water ad libitum (25). All procedures were performed following institutional ethical 

review in accordance to the United Kingdom Animals (Scientific Procedures) Act 

(1986) and European Union Directive 2010/63/EU and the German Review Board 

for the Care of Animal Subjects of the district government (North Rhine-Westphalia, 

Germany) under the recommendations of the Federation of European Laboratory 

Animal Science Associations. Further details relating to animal husbandry and 

operational experimental design relating to the ARRIVE guidelines reporting have 

been described previously (25). 

Rats

Time-mated Sprague-Dawley rats (26, 27) were bought from Charles River 

(Germany) and housed in a temperature-controlled room and given access to food 

and water ad libitum. All experimental procedures were reviewed and approved by 

the Ethical Committee for Animal Experiments of the VU University Medical Center, 

Amsterdam, The Netherlands (PA 13-01).

Table 1. Clinical data of multiple sclerosis patients. Sera of these patients 

were pooled and IgG were purified

Induction of EAE

Biozzi ABH mice were injected subcutaneously with 200 µg MOG35-55 peptide 

emulsified with incomplete Freund’s adjuvant (Difco Laboratories, UK) supplemented 

with 48 µg Mycobacterium tuberculosis and 6 µg M. butyricum (Difco Laboratories) 

on day 0 and 7 as described previously (11, 25). Mice were also intraperitoneally 

injected with 200 ng of pertussis toxin (PTX) from Bordetella pertussis (Sigma, 

UK) 24 h and 8 d after immunisation. From day 10 mice (n=4) were injected 

6

Patient 
Age 

(years) 
Gender 

Disease 
course 

EDSS 
Disease duration 

(years) 
Level of antibodies to NF-

L (optical density) 

      mean SD 

1 58 Female SPMS 6 8 1.79 0.52 

2 42 Female SPMS 6 16 1.42 0.09 

3 41 Female SPMS 4 4 1.49 0.01 

4 43 Female SPMS 4.5 4 1.37 0.05 

5 54 Male SPMS 6.5 8 1.57 0.04 

6 51 Female SPMS 6 11 1.53 0.03 

7 52 Male SPMS 6.5 2 1.41 0.03 

8 44 Female RRMS 5.5 12 1.84 0.14 

9 24 Male RRMS 6 6 1.83 0.01 

10 30 Male RRMS 2 3 1.85 0.12 

11 40 Male RRMS 6 17 2.51 0.44 

12 26 Male RRMS 2 3 2.02 0.09 

13 36 Female RRMS 5.5 5 1.98 0.14 

14 47 Male RRMS 3 3 2.54 0.12 

15 44 Female RRMS 2 2 1.97 0.01 

16 25 Male RRMS 1 1 1.86 0.09 

EDSS, expanded disability status scale; SD, standard deviation.
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intraperitoneally every other day until day 26 with 0.5 mg hIgG or 0.5 mg NF-L 

10H9.  The other mice were not injected with hIgG. Mice were monitored daily and 

scored according to a neurological scale with 0=normal, 1=limp tail, 2=impaired 

righting reflex, 3=hindlimb paresis and 4=hindlimb paralysis (8, 28).

Western blotting

Western blotting was used to test the reactivity of hIgG to the NF-L protein after 

the purification procedure and to show the specificity of the mAb to NF-L clone 

10H9 (NF-L 10H9)(4) to spinal cord homogenate or brain homogenate. Serum 

from NF-L immunised ABH mice (28) was taken as positive control. Briefly, 0.49 

mg/ mL recombinant mouse NF-L (rmNF-L) or 10 µg mouse spinal cord or brain 

homogenate was separated using Mini-Protean TGX Precast Gel (Bio-Rad, Germany) 

and transferred onto Whatmann nitrocellulose membranes. The nitrocellulose 

membranes were blocked with 5% fat-free milk solution and 0.5% bovine serum 

albumin for 1 h. Membranes were incubated with purified hIgG (1:1,000) or 

NF-L 10H9 (10 µg/mL) overnight. After washing, goat anti-human IgG secondary 

antibody conjugated to horseradish peroxidase (Santa Cruz, USA) or goat anti-

mouse IgG-horseradish peroxidase (Dako, Denmark) was added to the membranes 

and incubated for 1 h at room temperature. Visualisation was performed with 

the chromogen 3,3’-diaminobenzidine (Dako) and enhanced chemiluminescence 

(Amersham, UK).

Induction of optic neuritis

MOG-specific T cell receptor transgenic mice with fluorescent RGC were used to 

study whether mAb NF-L 10H9 or hIgG induced loss of RGC as described previously 

with anti-myelin antibodies (24). Optic neuritis was induced by injection with 150 

ng PTX (Sigma) on day 0 and day 2 (24). Subsequently, mice were randomly divided 

into two groups. One group (Group A) was injected with 0.5 mg fluorescently labelled 

mAb NF-L 10H9-PE (phycoerythrin) or hIgG on days 11, 12 and 13 and euthanised 

on day 15. The other group (Group B) was injected with 0.5 mg unlabelled mAb 

NF-L 10H9 or hIgG on days 14, 16 and 18 and euthanised at day 20. As a negative 

control for NF-L 10H9 mice were injected with isotype control IgG1 (Sigma). Optical 

coherence tomography was used to measure changes in the retinal nerve fibre layer 

(RNFL) thickness (24) comparing measurements before PTX injection (day 0) and 

after injection of antibodies (days 15 and 20) (24). In addition, retinal flatmounts 

were prepared for fluorescent microscopy and RGC density was calculated as 

described previously (24).

Intracerebral injection of NF-L 10H9

For stereotactic studies (29), C57BL/6 male mice were fixed in a mouse adapter 

for stereotactic frames (World Precision Instruments). After drilling a small hole 

in the skull, 1.92 µg NF-L 10H9 labelled with DyLight 594 (Microscale Antibody 

Labeling Kit, Thermo Scientific Pierce Protein, UK) was injected into the respective 

regions using a 10 µl syringe equipped with a 33 gauge needle (Hamilton Company) 

with a volume of 6 nL/s by using a Ultra Micro Pump (UMP3, World Precision 

Instruments). Coordinates for injection were X (-2.2), Y (0.6) and Z (0.8 for cerebral 

cortex and 1.5 for corpus callosum) relative to the anterior bregma. The needle 

was navigated by a motor-driven stereotactic frame (World precision instruments) 

utilising StereoDrive software (Neurostar). The injection was performed within a 

standardised time frame of approx 5 min injection time and 10 min deposition rest 
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in the cortex before the needle continued into the corpus callosum. Subsequently, 

the needle was retracted after 5 min deposition rest in order to prevent the reflux 

of the injected substances. Injection of fluorescently-labelled mouse isotype control 

IgG1 at the same coordinates was used as a vehicle control. Mice were euthanised 

2 h post-injection and perfused transcardially with 4% paraformaldehyde (pH 7.4). 

After overnight post-fixation in the same fixative at 4°C, brains were submerged in 

30% sucrose solution at 4°C. 

Immunofluorescence

Cryosections (6 µm) of the complete mouse brains were collected from mice 

stereotactically injected with labelled mAb NF-L 10H9, fixed in acetone and stained 

with an antibody to non-phosphorylated NF-H (mouse IgG1, clone SMI32, Millipore) 

overnight. After washing, sections were incubated with secondary goat anti-mouse 

IgG1 Alexa Fluor 488 (Invitrogen) for 1 h at room temperature. Sections were 

viewed on a Leica DMI6000B microscope with Leica DFC365 FX camera or a Leica 

DM5000B microscope with a Leica DFC360 FX camera.

Axonal density in myelinating spinal cord cultures

Myelinating co-cultures were prepared as described in detail in (26, 27). Briefly 

spinal cords were dissected from E16 rat pups and enzymatically dissociated. Cells 

were plated on a confluent monolayer of neurosphere derived astrocytes (26). After 

a culture period of 23-24 days, co-cultures were treated with mAb NF-L 10H9. In 

brief, spinal cord co-cultures were incubated with 10 µg/mL mAb NF-L 10H9 for 

16 h at 37°C in the presence of 5% CO
2
 in duplicate as described previously (22). 

Incubation with isotype control IgG1 (Sigma) served as negative control. Cultures 

were stained for phosphorylated axons/neurites with anti-mouse SMI310 IgG1 

(1:1,500; Abcam, UK). Cells were imaged on a Leica DMR fluorescence microscope 

using a Leica DFC4000 camera. Briefly, 20 images were analysed per condition 

using ImageJ software (NIH systems, version 1.41o). The number of pixels of 

SMI310+ neurites were measured and divided by the total number of pixels per field 

of view. At least three independent myelinating co-cultures were used. 

Statistics

Data were analysed using GraphPad Prism (5.01) and expressed as means ± 

standard error of the mean (SEM) unless otherwise specified. RNFL thinning and 

RGC density were analysed using Student’s t-test with Welch’s correction. Statistical 

analysis of clinical scores was assessed using the non-parametric Mann-Whitney 

U test. Axonal density of rat spinal cord co-cultures were quantified with ImageJ 

and analysed with GraphPad Prism (5.01) using the Student’s t-test with Welch’s 

correction. P values of less than 0.05 were considered statistically significant. 

Results

Specificity of IgG from MS serum 

The specificity of mAb to NF-L clone 10H9 was verified in mouse spinal cord, brain 

homogenate and recombinant NF-L protein using western blot analysis (Fig. 1A). 

IgG from pooled sera were selected from 16 people with MS (RRMS n=9; SPMS n=7) 

with high antibody levels reactive to NF-L using ELISA (Table 1) in comparison 

to NF-L antibody levels in 24 healthy controls (0.79 ± 0.27 optical density). The 

reactivity was examined to rmNF-L and mouse spinal cord homogenate (Fig. 1B). 

The hIgG from people with MS shows a clear band in lane 1 at the molecular weight 
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of the linear NF-L protein (~65 kDa), confirming the presence of antibodies to NF-L 

in these samples. In lane 2 more bands can be discriminated, likely indicating the 

presence of antibodies to other antigens besides NF-L present in mouse spinal cord 

homogenate.

Figure. 1 Specificity of mAb to NF-L. 

A) Western blot analysis shows specifi-

city of mAb NF-L 10H9 to the NF-L protein 

(~68 kDa) in (1) spinal cord and (2) brain 

homogenates from ABH mice. B) Total IgG 

was purified from pooled sera of people with 

MS who had high levels to NF-L protein as 

confirmed by ELISA (Table 1) in comparison 

to NF-L antibody levels in healthy controls 

(0.79 ± 0.27 optical density). Reactivity of 

purified hIgG from people with MS to rmNF-

L protein (1) and ABH spinal cord homoge-

nate (2) was tested by western blotting and 

shows a clear band at ~65 kDa in lane 1, while besides a band at the molecular weight of NF-L, 

more bands are present in lane 2. M, protein standard. 

IgG from MS sera exacerbates MOG35-55-induced EAE

To examine the pathogenic effect of the mAb NF-L 10H9 and IgG from MS sera, 

that contained high levels of antibodies to NF-L, in vivo, mice were immunised 

with MOG35-55 (n=21) and injected intraperitoneally with NF-L 10H9 (n=6) or hIgG 

(n=4) every other day from day 10 post-immunisation (Fig. 2, Table 2). In MOG35-55+ 

NF-L 10H9 mice clinical symptoms were statistically increased at day 12 compared 

to regular EAE mice (n=11; Mann-Whitney U test; p<0.05). However, throughout 

the rest of the disease course, clinical symptoms in MOG35-55+ NF-L 10H9 mice 

were not statistically different in comparison to regular EAE mice. IgG from people 

with MS significantly exacerbated clinical neurological signs 12 to 14 days post-

immunisation compared to regular EAE mice (Mann-Whitney U test; p<0.05). 

After this peak in clinical disease, no statistical differences were observed between 

MOG35-55+ hIgG and regular EAE mice till the end of the experiment. Mice injected 

with IgG from people with MS showed a more rapid disease onset (11.8 ± 1.0 versus 

14.1 ± 2.1; p<0.05; Table 2). 
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Figure. 2 Exacerbation of MOG35-55-induced EAE by hIgG. EAE was induced with MOG35-55 

peptide. ABH mice were repeatedly injected intraperitoneally with NF-L 10H9 (n=6) or hIgG (n=4) 

from day 10 post-immunisation (red arrow). Clinical scores were significantly increased in EAE mice 

injected with NF-L 10H9 or hIgG compared to regular EAE mice (n=11) at day 12 and days 12 till 14, 

respectively (Mann-Whitney U test; p<0.05). Also the day of onset was significantly earlier in mice 

treated with hIgG compared to non-treated EAE mice (Table 2; Mann-Whitney U test; p<0.05). See 

figure on the previous page.

Table 2. Exacerbation of MOG35-55-induced EAE in ABH by hIgG

RGC density is significantly affected by mAb to NF-L

Since the majority of people with MS develop ocular deficits, we investigated 

whether hIgG from sera of people with MS with high serum levels of antibodies 

to NF-L and the mAb NF-L 10H9 were pathogenic to RGC that can occur as a 

downstream consequence of damage to the optic nerve during optic neuritis (30). 

Delivery of NF-L 10H9 after the onset of optic neuritis did not significantly augment 

the development of RGC loss 15 days (group A) post-induction (Fig. 3A). However, 

20 days post-induction of optic neuritis (group B) mice injected with NF-L 10H9 

showed a significant reduction in the mean RGC density compared to mice injected 

with the isotype IgG1 control (p<0.05). On the contrary, intraperitoneal injection 

of hIgG with high levels of antibodies to NF-L after mice developed optic neuritis 

did not show a reduction in RGC density in both groups (Fig. 3A). In addition to 

measuring RGC loss to examine damage to the eye is thinning of the RNFL. Both 

NF-L 10H9 and hIgG did not seem to have a significant effect on the thickness 

(thickening or thinning) of the RNFL in mice with optic neuritis (Fig. 3B). 

6

Treatment No. 
EAE 

Mean group 
scorea 

Mean EAE 
scoreb 

Mean day of 
onsetc 

MOG35-55 9/11 3.3 ± 1.6 4.0 ± 0.0 14.1 ± 2.1 

MOG35-55 + NF-L 
10H9 

6/6 4.0 ± 0.0 4.0 ± 0.0 12.3 ± 1.0 

MOG35-55 + hIgG 4/4 3.6 ± 0.8 3.6 ± 0.8 11.8 ± 1.0* 
a mean ± SEM of maximum clinical score of EAE from all mice in the group.  
b mean ± SEM of maximum clinical score from mice exhibiting EAE within a group. 
c mean ± standard deviation of day of onset of clinical disease. * p<0.05, Mann-Whitney U test. 
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Figure. 3 RGC density is significantly affected by NF-L 10H9. A) RGC density (n=3 mice per 

group except isotype control which were 2 mice) and (B) RNFL thickness (n=2 mice per group) 15 

days (group A, grey bars) or 20 days (group B, black bars) after treatment with hIgG, (un)labelled 

mAb NF-L 10H9 or isotype control IgG1. A) Only mice in group B treated with NF-L 10H9 showed a 

statistically significant reduction in RGC density compared with mice treated with isotype control 

IgG1 (Student’s t-test with Welch’s correction, p<0.05). B) No statistical differences in percentage 

change in RNFL thickness were observed in hIgG or NF-L 10H9 treated mice 15 or 20 days post-

induction. See figure on the previous page.

Stereotactic injection of mAb to NF-L is taken up by neurons but is not specific

Since neurofilaments are intracellular proteins, experiments were performed to 

investigate whether antibodies were taken up by neurons following stereotactic 

intracerebral injection. The mAb NF-L 10H9 was fluorescently labelled with DyLight 

594 using the Microscale Antibody Labeling Kit. Subsequently, 1 adult mouse was 

stereotactically injected with the labelled mAb in the cortex and corpus callosum 

after which the brain was collected 2 h post-injection. As a control, another mouse 

was injected with labelled isotype control IgG1 at the same locations in the cortex 

and corpus callosum. Cortical neurons, between the medial longitudinal fissure 

and the injection channel, were examined for expression of the labelled mAb 

NF-L 10H9-DyLight 594 (Fig. 4C). To verify that these cells were neurons, double 

immunofluorescence was performed with SMI32 (Fig. 4C and D). Nevertheless, 

antibody uptake was not specific for NF-L 10H9, since injection of the labelled 

isotype IgG1 also showed uptake by cells (data not shown).
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Figure. 4 Internalisation of mAb to NF-L by neurons. mAb NF-L 10H9 was fluorescently labelled 

with DyLight-594. A) Neuron in the cortex next to the medial longitudinal fissure of a stereotactically 

injected mouse (n=1) positive for mAb NF-L 10H9-DyLight 594 (red, square). Sections were stained 

for SMI32 (B, green; scale bar=10 µm). C) Merge of A and B. (D-F) Higher magnification pictures of 

the dotted squares in (A-C) (scale bars=10 µm). Not all injected and labelled mAb has been taken 

up. Also confocal imaging shows co-localisation with NF-L 10H9-DyLight 594 (red, G) and a SMI32  

neuron (green, H). The merge is shown in I (scale bar=8 µm). See figure on the previous page.

Pathogenic effect of mAb to NF-L in spinal cord cultures

Since injection of mAb to NF-L in vivo led to loss of function, we determined whether 

the mAb NF-L 10H9 was pathogenic to neurons in vitro. Spinal cord co-cultures 

from rat were treated with mAb to NF-L (Fig. 5A) and the density of phosphorylated 

axons and neurites used as a measure of axonal damage (22, 27, 31). The mAb NF-L 

10H9 induced axonal loss in this culture system relative to the isotype control IgG1 

(n=3-4; p<0.05). After 1 h incubation with NF-L 10H9, axonal loss was significant 

(p<0.001; Fig. 5A). Figure 5 B and C show representative immunofluorescent images 

of cultures incubated with isotype control IgG1 (Fig. 5B) and NF-L 10H9 (Fig. 5C) 

revealing significant loss of the axonal network.

Figure. 5 mAb to NF-L reduces 

axonal density in rat spinal cord 

co-cultures. A) Co-cultures were 

treated with NF-L 10H9 for 0.5; 1; 2; 

3; 4; 16 or 48 h with 10 µg/mL mAb. 

Subsequently, cultures were stained 

for SMI310 and axonal density was 

determined using ImageJ and rep-

resented as percentage axonal loss 

relative to the isotype control IgG1.  

Axonal loss was significant after 1, 2, 

3, 16, or 48 h of treatment with NF-L 

10H9 (n=4 for 0.5 and 48 h, n=3 for 

1-16 h, *** p<0.0001, ** p<0.001, * 

p<0.05, Student’s t-test with Welch’s 

correction). B) Representative im-

munofluorescent images of cultures 

treated with 10 µg/mL isotype con-

trol IgG1 or mAb NF-L 10H9 (C) for 

16 h and stained with SMI310 (scale 

bars=35 µm).

Discussion

The focus on antibodies to be usable as biomarkers of neuronal damage has 

been extensively reported. However, besides the possible predictive value of these 

antibodies, we show that antibodies to neurofilaments contribute to neuronal 

damage. Our data indicate that antibodies to NF-L might be involved in axonal 

damage in neurodegenerative diseases such as MS and other neurodegenerative 

diseases in which antibodies to NF-L have been reported (19, 20, 32). Thus, antibodies 

to neurofilaments are not specific for MS and they are clearly present in several 

neurodegenerative disorders indicating that therapeutic approaches targeting 

6
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humoral immunity to neurons and axons could be beneficial in many neurological 

disorders. In rheumatoid arthritis and MS therapeutic strategies targeting B cells 

reduce disease severity (33, 34) although such efficacy might not be due to a 

direct effect of reducing autoantibodies. However, subgroups of people with MS 

respond well to plasma exchanges (35-37), indicating that pathogenic antibodies 

contribute to disease. Therefore, new insights into axonal damage might lead to 

improved therapies to suppress (ongoing) neurodegeneration in MS, especially 

since neurodegeneration occurs early in disease (38, 39). Our results suggest that 

autoimmunity to neuronal antigens might be an important pathogenic mechanism 

inducing early neuronal damage in people with MS as well as contributing to chronic 

disease. The ineffectiveness of intravenous Ig and other therapies targeting B cells 

in progressive disease could represent the inability of these therapies to reduce 

(intracellular) autoantibodies to NF-L within the CNS, at this stage of disease. In 

support of our studies Pedotti and colleagues (16) show that IgG purified from 

plasma from one single MS case exacerbate PLP-induced EAE. In our study, we 

induced chronic EAE with MOG35-55 and used purified IgG from sera of 16 people 

with MS (9 RRMS and 7 SPMS) who were selected for high levels of NF-L antibodies 

compared to healthy controls. Although Pedotti and colleagues show localisation 

on axon bundles in the CNS grey matter of treated mice, they do not discuss 

whether the IgG cause any axonal damage. Nevertheless, autoimmune responses to 

neuronal antigens augment experimental autoimmune disease (28) and neuronal 

damage (3) underscoring the importance of such responses in humans. 

Although people with MS experience various symptoms, visual problems commonly 

precede other neurological symptoms. Optical coherence tomography can be used 

to assess damage to the retina. Here, we used a new optic neuritis model (24) to 

investigate whether mAb to NF-L and hIgG have a pathogenic effect on RGC density 

and RNFL thickness consequent to damage of axons within the optic nerve. Similar 

to effects noted with injection of mAb to MOG (24), injection of NF-L 10H9 into 

mice with optic neuritis significantly reduced RGC density. However, contrary to 

the exacerbation of MOG35-55-induced EAE, no loss in RGC density was observed 

by hIgG from people with MS with high serum levels of antibodies to NF-L. Possibly 

the hIgG could not penetrate the blood-brain-barrier or that effector functions of 

human Igs were not sufficiently compatible with mouse effector mechanisms. 

Previously our group showed Igs bound to axons in NF-L immunised ABH mice (8). To 

examine the localisation of antibodies to NF-L in the CNS, mice were stereotacticcally 

injected with the fluorescently labelled mAb NF-L 10H9 or isotype control IgG1. 

Injection in the cortex resulted in the detection of the labelled NF-L 10H9 in SMI32+ 

neurons. This result is in line with the observation that neurons generally are able 

to take up antibodies targeting intracellular antigens (40-44). However, the labelled 

isotype control IgG1 could also be observed intracellular, possibly indicating 

uptake through receptor-dependent, clathrin-mediated endocytosis or Fc-receptor-

mediated mechanisms as reported previously (43, 45). Using mAb depleted of the 

Fc fragment might result in a different effect. A recent study shows that antibodies 

to an intracellular antigen enter neurons by endocytosis and cause depletion of 

adenosine triphosphate and an increase in caspase levels leading to apoptosis 

and cell death (46). This mechanism together with an elevation in intracellular 

calcium ions mediated by anti-alpha-enolase antibodies has also been described in 

autoimmune retinopathy (47). As well, activation of Fc-gamma receptor 1 by IgG-

immune complex has been shown to cause an increase in intracellular calcium 

and enhance excitability in sensory neurons (48). Patch-clamping might be used to 
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investigate whether mAb to NF-L impact on neuronal signalling. Once internalised 

antibodies to NF-L might disturb axonal transport processes by binding to their 

target. We show that NF-L 10H9 reduced axonal density in rat spinal cord co-

cultures which might be the consequence of failure of proper axonal transportation. 

The ability of antibodies directed to intracellular neuronal targets to disrupt axonal 

transport has been shown before (49, 50). 

The hIgG isolated from sera of people with MS were selected for high levels of 

antibodies to NF-L, but to identify the contribution of antibodies to NF-L and other 

neuronal antigens requires further studies. In addition, further research needs 

to be performed to determine the mechanism by which antibodies to NF-L cause 

cytotoxicity. It is possible that antibody-antigen complexes of neurofilament proteins 

and antibodies can crosslink with Fc-receptors on immune cells which can trigger 

phagocytosis, antibody-dependent cell-mediated cytotoxicity and cytokine release 

(51) thereby contributing to progression in neuroinflammatory conditions. In 

addition, mAb to NF-L, as well as hIgG to NF-L, might interfere with neurofilament 

assembly. 

In summary, our results show that antibodies to intracellular antigens contribute 

to axonal damage and are not just surrogate markers of disease.
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