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1. The nervous system 

 

The nervous system can be divided in the central nervous system (CNS) and the 

peripheral nerve system (PNS). The CNS consists of the brain and the spinal cord, 

while the PNS consists of all the nerves and ganglia outside the brain and spinal 

cord.  The PNS connects the CNS to the organs and limbs and is a channel through 

which neural signals are transmitted from and to the CNS. 

The basic unit of the peripheral nerve is the axon. Axons are surrounded by 

myelinating Schwann cells forming the myelin sheath. Myelin provides protection for 

the axon, but it also has another function which is increasing the conduction velocity 

of the electrical stimulus. Nodes of Ranvier are gaps between intervals in the myelin 

sheath. These structures are exposed to the extracellular space and highly enriched 

in ion channels allowing the saltatory conduction of the action potential from one 

node to the next. The individual nerve fiber that consists of axons and Schwann cells 

is held together by connective tissue also known as the endoneurium. Individual 

nerve fibers vary in diameter and may be myelinated or unmyelinated [1].  

Unmyelinated nerve fibers in the skin usually have a sensory function in the body.  

The axons, Schwann cells, and endoneurium are bundled together into fascicles by 

the perineurium (Figure 1). The outermost layer of connective tissue, that bundles the 

peripheral nerve fascicles and blood vessels, is called the epineurium.  

 

 

 

Figure 1. Schematic  representation of the peripheral nerve consisting of perineurium containing 

myelinated and unmyelinated axons supported by loose endoneurial connective tissue (Graeber et 

al., 1998). 
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2. The neuromuscular junction 

 

The CNS communicates with the rest of the body by sending messages from the 

upper motor neurons to the lower motor neurons via the axons that run through the 

spinal cord and reach the muscles. The neuromuscular junction is the site of 

communication between the motor nerve axons and muscle fibers. The function of 

the neuromuscular junction is to transmit electrical impulses from the motor neuron to 

the motor nerve terminal and hence to the muscle.  Synapses are the junctions 

where neurons pass signals to different cells: neurons, muscle or gland cells. Almost 

all the nerve to nerve, muscle and gland signaling relies on chemical synapses at 

which the presynaptic neuron releases chemicals, called neurotransmitters, that act 

on the postsynaptic target cell. At the end of each motor neuron there are synaptic 

vesicles containing the neurotransmitter acetylcholine (ACh). Once the impulse 

reaches the neuromuscular junction, voltage-sensitive Ca2+ channels are opened 

which allow for the influx of Ca2+ into the nerve terminal. Ca2+ entry into the nerve 

terminal initiates the fusion of acetylcholine containing vesicles with the presynaptic 

membrane. During this communication acetylcholine is released into the synaptic 

cleft, to bind the post-synaptic acetylcholine receptors on the muscle cell a process 

called exocytosis. When acetylcholine binds to receptors on the muscle cell it triggers 

muscle contraction. The time period from the release of acetylcholine to receptor 

channel binding is less than a millionth of a second. 

  

 

 

 

 

 

 

  

 

 

 

 

 

 

  
 

 

 

 

 

 

 

 

Figure 2. Schematic representation  of a myelinated nerve fiber that ends at the neuromuscular 

junction.  

Modified figure, original  from: http://www.neuroanatomy.wisc.edu/ SClinic/Weakness/Weakness.htm                                                                                    
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3. Degeneration of the peripheral nerve 

 

Degeneration of the axon distal to the site of trauma is a process called Wallerian 

degeneration. [2]. This process happens both in the CNS and the PNS, but the repair 

process is different. After injury of the nerve, Wallerian degeneration occurs within 12 

hours, leading to physical fragmentation of both axons and myelin. Myelin breaks 

down into ellipsoids in the distal stump onwards to the first intact node of Ranvier. 

Schwann cells play a key role in this process, together with phagocytic macrophages/ 

mast cells. In the PNS Schwann cells dedifferentiate, multiply within their basal 

lamina tubes and downregulate myelin protein synthesis [3]. The myelin ellipsoids 

are degraded into neutral fat which is removed by macrophages. Starting at 24 hours 

after injury, endoneurial macrophages proliferate, become activated and participate 

in myelin removal. The Schwann cell also helps to remove the degenerated axonal 

and myelin debris and the presentation to macrophages. However, resident 

macrophages cannot efficiently complete myelin clearance. Monocyte/macrophages, 

recruited to the injured site through the blood stream, are responsible for the rapid 

and efficient clearance of myelin debris [4]. The macrophages migrate to the site of 

damage, passing through the walls of capillaries, which have become permeable in 

the damaged area. As the degradation of the distal nerve segment continues, 

connection with the target muscle can get lost, leading to muscle atrophy and 

fibrosis. Schwann cells and macrophages phagocytose and clear the site of injury 

together. In general this process requires 1 week up to several months. 

 

 

4. Regeneration of the peripheral nerve 

 

Peripheral nerves have the ability to regenerate [5;6]. This process usually starts 

early in the injury process (hours after injury), but can take several days and at least 

4 weeks before all the axons grow back and restore their connection. As described 

before, effective regeneration is associated with the activation of Schwann cells and 

macrophages, along with the inflammatory reaction in the injured nerve [7-9]. After 

the inflammation, degeneration and clearance of the debris, only collapsed Schwann 

cells persist at the injury site. Axon sprouts grow towards the injury site and need to 

re-enter the Schwann cell tubes or basal lamina tubes at the injury site. During this 

process axonal branches emerging from the tip of the proximal undamaged nerve 

stump use Schwann cells as guides to re-enter the tubes which hold together the 

other axons. Once within the distal stump, the axons need to find their way and 

generate specific synapses connected to the same muscle fibers they innervated 

pre-injury. Motor and sensory axons have little ability to identify Schwann cell tubes 

and could be redirected to the wrong target, this process is called misdirection. A 

single neuron could send axonal processes to multiple antagonistic muscles a 

process called hyperinnervation, impairing functional recovery. In the regeneration 

process both repulsive and attractive molecular and physical signals play an 

important role, to make sure the axons find their proper target [10-12]. Histological 

characterization of regeneration is marked by regenerative clusters of axons within 

adjacent Schwann cells as groups of small diameter and  thinly myelinated axons. 

The axons grow at a rate of approximately 2.5 mm per day, leading to the connection 

of the axon to its prior target. After reinnervation, the newly connected axon matures 

its function is restored slowly and the remaining branches are eliminated while the 
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remaining axon thickens. Although peripheral axons often achieve a good 

morphological regeneration, the regain of function is incomplete [13;14]. 

  

 

Figure 3. Illustration of axonal growth, presenting  the neural function rejoining with the skeletal 

muscle fibers. Modified figure, original from: 

http://chen2820.pbworks.com/w/page/11951452/Biomaterials%20for%20nerve%20regeneration 

 

 

5. Inflammation during degeneration of the peripheral nerve  

 

After injury, inflammation is one of the first events that occurs. This event starts 

before any structural changes are observed in the distal axons. Insight into the 

mechanisms of the inflammatory boost after injury are important to understand the 

damage to local cells, surrounding tissue and the regeneration process of the 

peripheral nerve. Inflammation in the axons is an event that involves different 

inflammatory mediators and cells [15-17]. In the recent years an important role for 

both the innate and adaptive immune system in neurodegeneration has been 

suggested and it has become a major focus of neuroimmunologists.  

Traumatic injury to the nerve triggers a cascade of events which results in activation 

of the immune system and, consequently, in a robust inflammatory reaction at the 

site of injury. The role of inflammation in the course of degeneration and regeneration 

is not completely understood. Inflammation in the PNS has been associated with 

tissue damage, but is also proposed to be beneficial for Wallerian degeneration and 

regeneration.  

Wallerian degeneration has been originally described as a process which occurs 

after a traumatic injury, but it is also observed in neurodegenerative diseases. In 

disease, axons express pathological signs and changes in immune cell behaviour 

similar to Wallerian degeneration triggered by traumatic injury [15;16;18]. These 

changes influence patterning of axonal degeneration and regeneration.  

Uninjured peripheral nerves consist of resident macrophages, fibroblasts and 

Schwann cells. Schwann cells outnumber macrophages, and they are the front line 

population of cells to react after axonal injury. Under normal physiological conditions, 

macrophages and Schwann cells  ‘’sense’’ the tissue environment for pathogens, 

phagocytoses, dead and dying cells and maintain tissue homeostasis.  After axonal 
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injury, damage- associated molecular patterns are accumulated at the site of injury, 

resulting in changes in the nerve homeostatis [19;20]. Resident macrophages begin 

to divide [21;22] and Schwann cells are phagocytic at the injury site. As next step, 

activated macrophages enter the nerve, accumulate at the site of injury and start 

proliferating 2 to 3 days after injury as a result of inflammation [15;18;23]. Schwann 

cells can ‘’sense’’ these changes in the nerve and keep the inflammation in motion 

[24], by upregulating inflammatory-related genes via TLR-2 and TLR-3 signaling [25] 

and acting  as antigen presenting cells [26;27]. Knock out mice for TLR-2 and TLR-4 

showed an impaired Wallerian degeneration and regeneration process after sciatic 

crush injury [28], while intraneural injections of wild type mice with TLRs ligands after 

crush resulted in macrophage influx, myelin clearance and enhanced motor recovery, 

suggesting a role for TLRs in the regeneration process.  

After the distal stump undergoes structural changes leading to its total disintegration 

[29;30], injured axons trigger pathways for self-distruction [31;32] and cytokines, 

chemokines and inflammatory cells trigger inflammation that helps the fragmentation 

process. The endogenous autoantibodies directed against degenerating PNS myelin 

is critical to induce phagocytosis process in macrophages, resulting in robust and 

rapid clearance of inhibitory myelin debris and thereby facilitating axon regeneration 

in the PNS [33].  

After macrophages enter the nerve they start clearing cellular debris in the distal 

nerve stump [34;35]. The macrophages can polarize into M1 or M2 macrophages 

[36].  M1 macrophages inhibit cell proliferation and causes tissue damage while M2 

macrophages promote cell proliferation and tissue repair. Schwann cells start over-

expressing inflammatory cytokines and chemokines including IL-1β, TNF-α, IL-1α, 

MCP-1, MIP-1, IL-10, TGF-β, and galectin [2;15;16;37-39], and thereby turn on the 

 

inflammatory response. IL-1β plays an important role early after nerve injury in 

inducing myelin collapse, through a cascade which includes phospholipase A2 

(PLA2) and lysophosphatidylcholine (LPC) activation in Schwann cells [40;41]. PLA2 

triggers myelin breakdown after hydrolyzing the lipid phosphatidylcholine. This lipid is 

located in high levels in the myelin sheath. Hydrolysis of this lipid results in the 

generation of large amounts of LPC, a molecule with a natural myelinolytic action 

[42]. PLA2 expression in Schwann cells and macrophages can increased by the 

inflammatory molecules TNF-α, IL-1α, and MCP-1. This process is important to reach 

all compact myelin that surrounds severed axons will be fully fragmented into ovoids. 

The injury is also affecting the nerve at distance from the lesion (10mm- 15 mm). It is 

suggested that Schwann cells can ‘’sense’’ the damage although there is no 

morphological alterations at distance from the injury site. A possible mechanism 

involved in this process is that Schwann cells can sense the lack of survival factors 

such as NMNAT2, transport from the neuronal cell body to the distal axon because of 

the damage [43]. 

Overall, proinflammatory signals that are released during the first week after injury, 

trigger tissue damage, Schwann cell proliferation, activate resident nonneuronal cells 

to produce a high amount of inflammatory mediators, and recruit circulating 

leukocytes to the degenerated nerves [15;18]. These events keep the nerve 

inflammation ongoing for long after the nerve injury.  
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6. The role of the complement system during neurodegeneration 

 

6.1 Complement activation 

The complement system is a key component of the innate immunity. It counts more 

than 30 soluble and membrane bound proteins. Complement has many physiological 

roles such as eliminating pathogens, clearing apoptotic cells, protecting healthy self-

cells, disposing immune complexes [44] and it is also involved in synapse remodeling 

during development [45]. Another important role for the complement system is 

bridging the innate and adaptive immunity. Activation of the complement system 

occurs via three pathways (Figure 4): the classical pathway, triggered by antigen-

antibody complexes; the alternative pathway, triggered by foreign surfaces; and the 

lectin pathway, triggered by bacterial sugars. The classical pathway is activated by 

the recognition of an antigen-antibody complex by C1q, this process activates C1s 

and C1r. C1r cleaves C1s which in turn cleaves C2 and C4 into the two fragments; 

C2b, C4a and C2a, C4b.The cleavage of the two serum proteins C4 and C2 to 

generate C4b2a, the C3 convertase of the classical pathway. The Lectin pathway is 

initiated by binding of carbohydrate antigens by mannose-binding lectin (MBL). MBL-

associated serine proteases (MASPs) then cleave C4 and C2 to generate the C3 

convertase (C4b2a). In contrast, the alternative pathway is activated through 

spontaneous hydrolysis of plasma C3. This event generates a second C3 

convertase, C3(H2O)Bb. Eventually all the three pathways lead to the generation of 

the C3a and C3b fragments by the C3 convertase that cleaves C3. C3b has the 

ability to bind to nearby membranes with exposed amino or hydroxyl groups and 

thereby amplify the deposition of C3b on the surface of a cell. Factor B gets cleaved 

by factor D after it binds C3b, which generates the membrane bound C3 convertase 

 

[46].  Binding of an additional C3b to the C3 convertase creates a C5 convertase, an 

essential step for activation of the common terminal pathway. After the cleavage of 

C5, C5a and C5b is formed. The C5b fragment binds C6, C7, C8 and C9 to generate 

the cell-bound membrane attack complex (MAC) or the soluble Terminal 

Complement Complex (TCC). The MAC participates in clearing diseased or infected 

cells by punching holes into their membranes. There are also other activation routes 

that result in the pore forming molecule MAC; the ‘’C2 bypass’’ pathway and the 

‘’Extrinsic pathway’’.  The C2 bypass pathway, is activated by the direct cleavage of 

C3 by MASP-2 of the lectin pathway, bypassing the formation of the C3 convertase 

[47]. The extrinsic pathway involves non-complement proteins such as thrombin, 

which can directly cleave C3 and C5. 
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Figure 4. Schematic overview of the complement pathways and proteins involved. 
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Activation products of the complement system such as C3a, C5a and MAC could 

have numerous potentially harmful effects on the human immune system and can 

lead to tissue damage. The propensity of the MAC to “drift” from the site of activation 

and deposit on self-cells puts these cells at risk [48-53]. The complement system is 

controlled by many regulators to protect self-tissue e.g.; the alternative pathway 

regulator Factor H binds and inactivates the C3bBb convertase and Clusterin blocks 

the terminal pathway by binding the C5b, 6, 7 complex and preventing its binding to 

surfaces (Figure 4).  

C1 inhibitor is an inhibitor of the classical pathway that induces dissociation of the C1 

components. It inactivates C1r and C1s proteases in the C1 complex of the classical 

pathway and MASP-1 and MASP-2 proteases in MBL complexes of the lectin 

pathway. Hereby, the C1 inhibitor prevents cleavage of the components C4 and C2 

by C1 and MBL. C4b-binding protein (C4BP) blocks the classical and the lectin 

pathways on the level of C4. C4BP accelerates decay of C3- convertase. It is also a 

cofactor for serine protease factor I that cleaves C4b and C3b and has the ability to 

bind C3b. 

Membrane bound regulators include complement receptor 1 (CD35), Membrane 

cofactor protein, Decay accelerating factor (also known as CD55) and protectin (also 

known as CD59). Complement receptor 1 and Decay accelerating factor displace a 

component of the C3 convertase in the classical pathway, while CD59 prevents final 

assembly of the membrane attack complex. In addition, Vitronectin and complement 

factor H related protein 1 are soluble inhibitors of the terminal pathway of 

complement. Another component with regulatory function in all the complement 
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pathways is Carboxypeptidase N. Carboxypeptidase N regulates the complement 

system by controlling the inflammatory response by inactivation of anaphylatoxins 

such as C3a and C5a. 

Although there are complement regulators to protect the normal tissue against 

complement-mediated damage, excessive activation of the complement system, 

which breaks through the protective effect of the regulators,  can occur. This will 

result in tissue damage and drives inflammation. 

 

 

 

6.3 Complement and nerve degeneration 

 

The complement system has long been recognized to play a crucial role in peripheral 

nerve degeneration. Traumatic injury focally damages the nerve exposing axonal and 

myelin epitopes. Myelin proteins can activate the classical and alternative pathways 

of complement in an antibody-independent manner [54;55]. The complement 

cascade is activated within 1 hour  at the side of injury [56]. Activation of the 

complement system generates opsonins C3b, C5b and the terminal complement 

component MAC. The opsonins target membranes of cells for disposal by 

phagocytes and for the anchoring of the MAC. The small cleaved products, C3a and 

C5a, have the ability to recruit and activate macrophages. The macrophges start 

phagocytosis of myelin, this process is mediated by complement via Complement 

Receptor 3 [57;58]. 

C3 depletion in rats reduced macrophage recruitment into the distal stump of the 

degenerating nerve and they failed to acquire the enlarged and vacuolated 

morphology, typical of the activated phenotype [59]. Similarly, C5 deficient mice 

showed delayed macrophage recruitment as well as axonal and myelin degradation 

from one to twenty one days post-injury [60].  

We previously showed that MAC damages axons in the acute peripheral nerve crush 

model [61]. Deficiency of the natural regulator of the MAC, CD59a, in mice was 

shown to exacerbate Wallerian degeneration[62], while inhibition of complement with 

soluble complement receptor 1 protected the peripheral nerve from early axon loss 

after injury [63]. This suggests that complement therapy accelerates nerve 

regeneration and functional recovery after mechanical nerve injury [64]. Formation of 

the MAC, was shown to cause nerve damage also after traumatic injury of the brain 
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in human [65;66] and mouse models [67-69]. Involvement of the complement system 

in degeneration of axons has been attributed to its role in controlling 

neuroinflammation. MAC has recently been shown to activate inflammasome NLRP3 

from the surface of complement-opsonized particles to plasma membranes of 

macrophages and thereby also activating caspase 1 and release of IL1-b and IL-18. 

This process is suggested to play an important role in the activation of the adaptive 

immune response including recruiting leukocytes to the site of phagocytosis[70].  

Trauma or disease-induced neuroinflammation will have impact on the outcome of 

neurological disease. In the peripheral nervous system, neuroinflammation will lead 

to prolonged and possibly continuous degeneration associated with functional 

impairment such as muscle atrophy, loss of sensibility or pain. In the central nervous 

system, the effects can have great impact on disease progression and recovery. The 

effects of Wallerian degeneration of a nerve tract and its associated 

neuroinflammation can easily spread from one functional system to another. As 

described earlier Wallerian degeneration is not only triggered by a traumatic insult, 

but also occurs in several neurodegenerative diseases (amyotrophic lateral sclerosis, 

Alzheimer’s disease, and Parkinson’s disease). In these diseases, the affected axons 

share pathological signs with what is normally observed in axons undergoing 

traumatic injury-induced Wallerian degeneration [71]. Complement activation is also 

thought to be involved in the pathogenesis of chronic neurological diseases including 

Alzheimer’s disease, Parkinson’s disease and multiple sclerosis (reviewed in [72]). 

Activation of the complement system is a major aspect of many chronic inflammatory 

diseases [73;74]. 

 

Initially, complement activation was thought to be involved in only a few CNS 

disorders. Nowadays complement has been associated with many more disorders. In 

EAE, a mouse model of neuroinflammation and demyelination, as seen in multiple 

sclerosis, MAC damages nerves whereas inhibition of MAC reduces neurological 

symptoms [75]. Recently the complement system  and microglia were shown to be 

involved in synapse remodeling during development are inappropriately activated 

and mediate synapse loss in Alzheimer’s disease. Inhibition of C1q, C3, or the 

microglial complement receptor CR3 showed  a reduction in the number of 

phagocytic microglia, as well as the extent of early synapse loss [76].  This suggests 

that the function of complement extends beyond the lysis of bacteria and clearing 

damaged cells. Activation aggravates neuroaxonal loss after nerve trauma and in 

neurodegenerative diseases. This change in view is accompanied by an increased 

interest for complement therapeutics for treatment of neurological diseases.   

In this thesis I present studies on the role of the complement system in two disorders, 

leprosy and ALS. I have analyzed the involvement of the complement system in 

tissue pathology and studied the effect of complement inhibition in these two 

diseases. 
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7. Infectious neuropathy leprosy and the immune system 

 

Leprosy is a chronic mycobacterial disease caused by Mycobacterium leprae, 

affecting about 214,000 new individuals globally every year (WHO, 2014). M.leprae, 

is an obligate intracellular parasite with tropism for macrophages and Schwann cells. 

Leprosy is characterized by nerve damage, which can lead to patient deformities 

[77;78]. The host immunological response to M.leprae and its antigens determines 

the clinical/immunological spectrum of leprosy. The spectrum of leprosy ranges from 

Lepromatous leprosy (LL) at one pole, with a high bacterial load in the tissues, an 

absence of cellular immune response (CMI) to M.leprae and presence of M.leprae 

specifc antibodies, to  Tuberculoid leprosy (TT) at the other pole, characterised by 

the low levels of bacilli accompanied by the presence of robust M.leprae-specific CMI 

[79]. Between these polar forms is the spectrum of borderline leprosy, including the 

border line lepromatous (BL), true border line (BB)  and border line tuberculoid (BT) 

forms, with the varying presence of bacilli and M.leprae-specific CMI.  

It is as yet unclear why such diverse responses are generated against a single 

pathogen in different patients. The use of WHO recommended Multidrug therapy 

(MDT) has resulted an a considerable decline in the prevalence of leprosy world-wide 

(WHO, 2016). This has led to a major shift in focus on “elimination of leprosy” in 

terms of prevalence of the disease to targets that emphasize a decrease in the 

number of new cases to promote early detection and reduction of transmission 

(WHO, 2016). A major complication in leprosy is the development of the so-called 

leprosy “reactions”. 

Particularly the borderline groups can develop two types of reactions due to changes 

in their pathogen-specific immune status; type 1 or reversal reaction (RR) and type 2 

 

or erythema nodosum leprosum (ENL). The RR is due to the increased pathogen-

specific cell-mediated immunity encountered among BT and BL patients, whereas 

ENL is seen in BL and LL patients and is thought to be immune complex-mediated 

[80]. Treatment of reactions is usually by the use of corticosteroids. 

There are multiple proposed routes of M. leprae infection, the seriously considered 

portals of entry are the skin and the upper respiratory tract. With regard to the 

respiratory route evidence suggests M. leprae is able to bind to nasal epithelial cells 

by binding to a soluble protein, fibronectin, that binds to fibronectin receptors on the 

surface of the epithelial cell [81]. It is suggested that M. leprae enters the nasal 

epithelial cells, then enters the blood stream, and migrates to places with the best 

environment, the non-myelinating Schwann cells in the extremities [82]. It was shown 

that M. leprae invade the nonmyelinating Schwann cells and multiply, as well as 

attach to myelinating Schwann cells. M. leprae  colonizes the Schwann cells of the 

peripheral nervous system. The bacteria can live and grow within macrophages as a 

mechanism to evade the host immune system. Once the immune system recognizes 

and targets the infected cells, bacterial heterologous and host autologous antigens 

are released [77;78;83]. The release of bacterial antigens to the surrounding tissue 

has been suggested to cause tissue damage. The M. leprae cells release PGL 

proteins that can disturb the DRP2-dystroglycan complex in the Schwann cell and 

lead to a decline in myelination [82]. DRP2 is important for myelination and  is 

normally produced by myelinating Schwann cells. The DRP2-dystroglycan complex 

are suggested to help communication between Schwann cells by transferring the 

signals from the inside of the cell to the outside [84]. It is known that dead M. leprae 

cells or antigens of the bacilli alone can still cause demyelination in vitro and in vivo 

[82]. This suggests that even after the bacteria is killed by treatment antigens still can 
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trigger demyelination. Therefore, treatment of the patients infected with M. leprae 

should be treated on time to avoid more nerve damage. This is why it is important 

that the infection is treated right away; before too much damage to the nervous 

system is done. Since leprosy patients experience nerve damage even after 

treatment understanding the mechanisms of nerve damage  by M. lepae and 

determining what the modifiers are of the disease is important for a better treatment. 

Both host genetic factors [85], and the immune system, including the complement 

system are associated with susceptibility to leprosy [86-88]. Recent published data 

shows that complement Factor H polymorphisms are  associated with susceptibility 

to leprosy [89;90].Previous serological studies showed reduced complement 

hemolytic activity and reduced levels of C4 in LL patients suggesting consumption of 

complement in the circulation via activation of the classical or lectin pathway [88;91]. 

Also an increased C1q binding activity was measured in LL patients with ENL 

reactions suggesting involvement of the classical pathway in these patients, and 

increased C3d levels in 70% of patients with ENL and 18% of patients with 

uncomplicated LL. In addition, deposits of the membrane attack complex (MAC) have 

been found on the damaged nerves of LL but not TT leprosy patients [92]. This 

suggests a possible role for complement as a disease modifier in leprosy. We 

suggest an important role for complement in nerve damage in leprosy and suggest 

that complement activation is associated with the release of bacterial antigens in 

tissue.  

 

8.  Amyotrophic lateral sclerosis and the immune system 

 

Amyotrophic lateral sclerosis (ALS) is a severe adult-onset motor neuron disease 

that is associated with dementia [93], sensory abnormalities [94] and autonomic 

dysfunction [95]. It is characterized by progressive loss of motor neurons and 

degeneration of the neuromuscular junction/ motor end-plate, leading to muscle 

atrophy and eventually death from respiratory paralysis [96] . With rare exceptions, 

the cause of disease and the mechanism of motor neuron injury are unknown.  

Pathogenesis in ALS includes internal factors in the motor neuron such as 

accumulation of different dysfunctional proteins such as TDP43 [97;98], glutamate 

toxicity [99] and  altered mitochondrial dysfunction [100]. Also external factors have 

been associated with damage to the motor neurons, this is known as non-cell 

autonomous damage [101;102]. An example of this are astrocytes, which have been 

suggested to cause damage to the motor neurons [103]. 

Genetic and environmental factors have also been associated with ALS. Most ALS 

cases (90%) are sporadic ALS while 10% are familial ALS. Several genes have been 

identified for familial ALS. C9orf72, SOD1, FUS, TARDBP are the most frequently 

affected genes implicated in familial ALS [104]. The most studied gene is SOD-1 

(copper/zinc superoxide dismutase 1), that accounts for 10–20% of familial ALS 

[105]. Transgenic mice expressing mutated SOD1 (SOD1G93A) develop a 

pathological and clinical phenotype resembling human ALS [106;107]. The reason for 

toxicity of SOD1 is not fully understood, but it is known that expression of SOD1 in 

microglia and astrocytes contributes to disease progression in ALS [102]. 

Inflammation and immune abnormalities have been found in the ALS mouse models 

with mutations in the SOD1 gene and in tissue, blood and CSF of ALS patients. The 
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abnormalities might contribute to the pathogenesis of disease. Previous reviews on 

inflammation in ALS suggest the possibility of treating ALS patients by immune 

modulation. Inflammation at the site of disease could be a response to damage 

through activation of the innate immune system [108], by cells ‘’sensing’’ molecules 

released from damaged tissue [109]. An example of this is the release of 

mitochondrial DAMPs that cause an inflammatory response after injury [110].  The 

inflammatory response includes activation of the innate immune response, which 

involves microglial activation [111-113], upregulation of TLR4 signalling genes in ALS 

patients  and a consistent activation of monocytes and macrophages [114]. In the 

areas of motor neurons destruction in the CNS of human ALS, inflammation results in 

infiltrating immune cells including macrophages, mast cells [115] and T cells 

[111;116;117]. In addition, immunoglobulins have been detected in the spinal cord 

and motor cortex of ALS patients[118]. A more recent study shows an increase in 

IgG levels in ALS patients compared to controls [119]. 

The complement system is also suggested to play a role in the pathology of ALS. 

Complement deposits have been detected in the spinal cord and motor cortex of ALS 

patients [120]. An increased number of CD4+ T helper cells was measured in blood 

of sporadic ALS patients compared to controls [121]. There are increased levels of 

circulating chemokines and cytokines in ALS. T cells producing IL-13 have been 

found in blood of ALS patients and correlate with the disease progression [122]. Also, 

increased levels of the cytokine IL-17 are found in serum of ALS patients [123]. 

Higher levels of chemokine MCP-1 are found in ALS patients with a more severe and 

rapidly progressive disease course [124]. 

A role for complement in the pathogenesis of ALS in humans is suggested by 

elevated concentrations of complement activation products in serum and 

 

cerebrospinal fluid [125]. We previously showed that mRNA and protein levels of 

complement proteins (C1q, C4, C3 and MAC) are elevated in spinal cord and motor 

cortex of patients with sporadic ALS [125]. In murine ALS models, C1q and C4 are 

upregulated in motor neurons [126;127], whereas C3 is upregulated in the anterior 

horn areas containing motor neuron degeneration [128].  

Other studies have also shown upregulation of the major proinflammatory C5a 

receptor, during disease progression in mouse motor neurons [129]. SOD1G93A rats 

treated with C5aR antagonist displayed a significant extension of survival time and a 

reduction in end-stage motor scores, suggesting an important role for complement in 

the disease progression [128]. Increased expression of complement components 

C1qB, C4, factors B, C3, C5 and a decrease in the expression of the regulators 

CD55 (regulator of C3) and CD59a (regulator of MAC) was detected in the lumbar 

spinal cord of SOD1G93A mice [130]. Pathological evidence from human ALS and 

animal models suggests that neurodegeneration begins at the muscle endplates 

proceeding in a ‘‘dying back’’ pattern towards spinal neurons [131]. 
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areas of motor neurons destruction in the CNS of human ALS, inflammation results in 

infiltrating immune cells including macrophages, mast cells [115] and T cells 

[111;116;117]. In addition, immunoglobulins have been detected in the spinal cord 

and motor cortex of ALS patients[118]. A more recent study shows an increase in 

IgG levels in ALS patients compared to controls [119]. 

The complement system is also suggested to play a role in the pathology of ALS. 

Complement deposits have been detected in the spinal cord and motor cortex of ALS 

patients [120]. An increased number of CD4+ T helper cells was measured in blood 

of sporadic ALS patients compared to controls [121]. There are increased levels of 

circulating chemokines and cytokines in ALS. T cells producing IL-13 have been 

found in blood of ALS patients and correlate with the disease progression [122]. Also, 

increased levels of the cytokine IL-17 are found in serum of ALS patients [123]. 

Higher levels of chemokine MCP-1 are found in ALS patients with a more severe and 

rapidly progressive disease course [124]. 

A role for complement in the pathogenesis of ALS in humans is suggested by 

elevated concentrations of complement activation products in serum and 

 

cerebrospinal fluid [125]. We previously showed that mRNA and protein levels of 

complement proteins (C1q, C4, C3 and MAC) are elevated in spinal cord and motor 

cortex of patients with sporadic ALS [125]. In murine ALS models, C1q and C4 are 

upregulated in motor neurons [126;127], whereas C3 is upregulated in the anterior 

horn areas containing motor neuron degeneration [128].  

Other studies have also shown upregulation of the major proinflammatory C5a 

receptor, during disease progression in mouse motor neurons [129]. SOD1G93A rats 

treated with C5aR antagonist displayed a significant extension of survival time and a 

reduction in end-stage motor scores, suggesting an important role for complement in 

the disease progression [128]. Increased expression of complement components 

C1qB, C4, factors B, C3, C5 and a decrease in the expression of the regulators 

CD55 (regulator of C3) and CD59a (regulator of MAC) was detected in the lumbar 

spinal cord of SOD1G93A mice [130]. Pathological evidence from human ALS and 

animal models suggests that neurodegeneration begins at the muscle endplates 

proceeding in a ‘‘dying back’’ pattern towards spinal neurons [131]. 
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Aim outline thesis 

 

An informative way to study the role of the complement system in neurodegeneration 

is testing the effect of complement inhibition in different disease models. Insight in 

the proces of Wallerian degeneration helps understanding the mechanisms of 

neurodegeneration in diseases [132]. We have demonstrated that both genetic and 

pharmacological inhibition of the complement system on the level of  MAC formation 

protect the peripheral nerve from early axon loss after injury [61-64] and stimulate 

post-traumatic axonal regeneration and functional recovery [64]. To show this, we 

used a drug which inhibits C6 to block MAC formation. C6 is one of the proteins 

necessary to form the MAC. This protein is mainly produced in the liver. The C6 

inhibiting drug is a modified oligonucleotide that uses antisense principles to target 

the mRNA of C6. Inhibition of C6 is not expected to cause side effects because prior 

studies have shown that the C6 protein (and presumably MAC formation) is not 

essential in humans. Our in house-developed C6 inhibitor is an effective and 

selective inhibitor of the terminal complement pathway and is expected to be more 

safe in humans than other complement inhibitors on the market. 

We showed that C6 RNA antagonist substantially lowered expression of C6 mRNA in 

the liver and C6 protein in circulation and reduced MAC activity in treated mice. The 

knockdown effect lasts for several weeks after treatment. Importantly, the RNA 

antagonist is stable with no overt toxicity in mice.  

The hypothesis of this project is that complement activation contributes to 

neurodegeneration in leprosy and Amyotrophic lateral sclerosis.  

 

The aim of this thesis is to understand the role of the complement system, especially 

the terminal complement  pathway,  in the pheripheral nerve degenerion in Leprosy 

and motor end-plate pathology in Amyotrophic lateral sclerosis.  

More specifically, the aim of the leprosy project is (1) to determine whether 

complement is deposited on nerves in a mouse model of M. leprae induced nerve 

damage, (2) to determine whether complement inhibition in this model is 

neuroprotective (3) and to determine whether and where complement is activated in 

serum and deposited in skin and nerve biopsies of leprosy patients along the disease 

spectrum. 

The aim of the  ALS project is (1) to determine whether complement is deposited at 

the neuromuscular junction of the SOD1G93A mouse model at the pre symptomatic, 

the symptomatic and the end-stage of the disease (2) to determine whether 

complement inhibition affects the disease progression in a mouse model of ALS (3) 

and to determine whether complement activation products and regulators are 

deposited on the neuromuscular junctions in human ALS post-mortem tissue. 

Chapter 2 of this thesis shows the effect of complement inhibition in an mouse model 

for M. leprae- induced nerve damage. In Chapter 3 the levels of complement 

activation products and regulators in serum samples of leprosy patients with and 

without reactions are presented. Chapter 4 presents the role of complement and 

inflammatory cells in skin lesions of leprosy patients. In Chapter 5 presents 

complement deposition on motor end-plates of SOD1G93A mice at the 

presymptomatic, symptomactic and end stage of the disease. In Chapter 6 

complement activation products and regulators are shown deposited on motor end-

plates in post-mortem intercostal muscle of ALS patients. Chapter 7 describes the 

effect of complement inhibition in SOD1G93A mice on the survival, body weight and 
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neurological score. In Chapter 8 all the findings from each study reported in this 

thesis are summarized and discussed. 
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