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Abstract
Irreversible damage to the nervous system can result from many causes including trauma,
disruption of blood supply, pathogen infection or neurodegenerative disease. Common features
following CNS injury include a disruption of axons, neuron death and injury, local B-cell and
microglial activation, and the synthesis of pathogenic autoantibodies. CNS injury results in a
pervasive inhibitory microenvironment that hinders regeneration. Current approaches to eliminate
the inhibitory environment have met with limited success. These results argue for a paradigm shift
in therapeutic approaches to CNS injury. Targeting CNS cells (neurons, oligodendrocytes and
astrocytes) themselves may drive CNS repair. For example, our group and others have
demonstrated that autoreactive antibodies can participate in aspects of CNS regeneration,
including remyelination. We have developed recombinant autoreactive natural human IgM
antibodies with the therapeutic potential for CNS repair in several neurologic diseases.
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Injury to the CNS results in a cascade of molecular and cellular events that affect the
functional recovery of the organism. Following injury, in most cases, the blood–brain barrier
(BBB) is breached through damage to blood vessels that results in the leakage of proteins
and factors from the blood to the lesion. As a result, platelets, neutrophils, monocytes and
macrophages are carried into the lesion. A classical response to either systemic or local brain
injury is inflammation. This is exhibited by edema, circulating immune cells, complement,
cytokines and glial activation. Until recently, this phenomenon was considered nonexistent
in many degenerative CNS disorders [1]. Over evolution, mammals have developed a
complex innate immune system where immune cells and natural antibodies play a major role
in limiting damage. Inflammation and innate immune system responses are important
mechanisms that allow organisms to limit the damage caused by injury. Most mechanisms
of CNS injury ultimately lead to disruption of axons and neurons, and oxidative damage to
nerves. Following injury, the adult mammalian CNS is not capable of spontaneous
regeneration owing to the presence of an inhibitory extrinsic environment and a diminished
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intrinsic regenerative capacity. Therapeutic approaches to modulate this hostile environment
usually focus on eliminating the inhibitory factors, albeit with partial success, in
experimental CNS injury models. Far more necessary than once thought is a unified
approach to also target CNS cells that participate in repair, thus arguing in favor of a
paradigm shift in therapy for CNS injury and disease.

CNS injury
Importance of microglial cells in CNS injury

Infection, trauma, malignancy, ischemia or idiopathic degeneration often results in CNS
injury. Following CNS injury, microglial cells primarily mediate the local innate immune
response. Microglia comprise approximately 12% of glial cells, the other components being
astrocytes and oligodendrocytes [2]. Microglia are derived from circulating monocytes or
precursor cells in the monocyte–macrophage lineage that originates in bone marrow (Figure
1) [3]. Others have proposed microglia of non-monocyte–macrophage lineage origin [4,5].
In response to any injurious event, microglia respond by a reaction, termed microglial
activation [6]. Activated microglia accumulate at sites of tissue damage and express genes
related to enzymes, adhesion molecules, proinflammatory cytokines and free radicals
(reviewed in [7]). Studies by Butovsky et al. suggested that the function of microglia is
modulated by the microenvironment. Accordingly, activation of microglia by aggregated β-
amyloid (Aβ) or lipopolysaccharide impairs MHC-II expression and renders the microglia
cytotoxic, whereas IFN-γ and IL-4 renders them protective [8]. Although once considered
harmful, a recent perspective shift has hypothesized microglia to stabilize the CNS [9]. The
role of microglia in neurological disease is currently a matter of much intrigue and intense
debate, and unfortunately is still an understudied area of research [10].

In this article, we use the following three categories of lesions as examples for CNS injury
(described below): traumatic spinal cord injury (SCI); focal ischemic stroke; and
degenerative disorders exemplified by Alzheimer’s disease (AD), amyotrophic lateral
sclerosis (ALS) and multiple sclerosis (MS).

Spinal cord injury—Many thousands of Americans are affected by SCI each year. The
causes can include violence, motor vehicle accidents, recreational activities or falls. The
pathophysiology of SCI progresses in two phases. Primary injury: the initial mechanical
trauma comprises of compression and traction forces. The compression by bone fragments
of the neural elements leads to injuries of both the CNS and the peripheral nervous system
(PNS). Damaged blood vessels result in microhemorrhages in the central gray matter.
Secondary injury sets in as a result of systemic hypotension that leads to ischemia. Ischemia
and the release of toxic substances from damaged neural membranes then triggers an injury
cascade that substantially damages neighboring cells, exacerbating the injury [11]. Despite
many years of research, the pathophysiology of SCI remains poorly defined.

Focal ischemic stroke & cerebral ischemia—Arterial occlusion triggers stroke and
results in diminished blood flow to portions of the brain, resulting in ischemia that leads to
dysfunction of neurons [12]. Stroke often results in permanent damage to brain cells. There
are two common ways by which a stroke can occur: when a clot forms in a narrow artery in
the brain (thrombotic stroke); or when a preformed clot elsewhere travels up to the brain
(embolic stroke). When a blood vessel in the brain ruptures and leaks blood, a hemorrhagic
stroke occurs. Stroke is among the three major causes of death worldwide and is also the
most frequent cause of permanent disability. Spontaneous cerebral ischemia affects more
than 750,000 patients in the USA every year.
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Degenerative disorders
Alzheimer’s disease: AD is the most common form of dementia among people over 65
years of age. The majority of patients with AD have a sporadic disease, whereas patients
with a familial form of AD have earlier onset and more severe disease [13]. This progressive
neurodegenerative disorder may feature with different symptoms, such as cognitive
impairment, confusion, mood swings, aggression, irritability and, finally, loss of memory.
Some investigators consider accumulation of abnormally folded Aβ as a key early event in
the pathogenesis of AD. The increased deposition of this small peptide in the brains of
patients is thought to contribute to neurodegenerative symptoms. A second pathological
phenomenon of the disease is based on the appearance of insoluble neurofibrillary tangles
formed by hyperphosphorylated τ protein, the so-called ‘tauopathy’. It is still debated
whether the τ tangle is the primary cause of cell degeneration in AD [14]. It is still not fully
understood how accumulation of these misfolded proteins gives rise to AD – that is, whether
it is through a gain-of-function or a loss-of-function mechanism.

Amyotrophic lateral sclerosis: ALS is a devastating neurological illness that primarily
affects anterior horn cells and cortico-spinal tract neurons. Patients often die within 2–3
years from symptom onset owing to respiratory failure. Despite extensive research, the
etiology of this disorder is predominantly unknown and there are no effective treatments. A
potential clue to this disorder has been the identification of genes implicated in a minority of
patients with a rare genetic form of ALS [15]. One identified gene mutation is the copper/
zinc superoxide dismutase (Cu/Zn SOD) mutation, which is present in a small percentage of
patients with the genetic form of ALS [16]. Patients carrying the SOD mutations have very
similar neurological outcomes compared with patients who develop the disease
spontaneously without an associated genetic mutation [17]. This enzyme catalyzes
superoxide to oxygen and hydrogen peroxide. SOD1 is the form of the enzyme associated
with ALS. This is a gain of function of SOD1, which affects fast axonal transport [18]. The
frequency of the SOD mutation in familial ALS varies from 12 to 23%. The gene is
inherited as an autosomal dominant. Until recently, SOD1 mutation was the only know
genetic cause of familial ALS. A recent article provided evidence that TDP-43 was present
in neuronal inclusions in ALS patients, and therefore proposed that TDP-43 may represent a
new specific marker for ALS [19]. Several other genes involved with autosomal dominant
ALS have also been identified, such as angiogenin (ANG), FUS, SETX and VAPB [20].
Finally, a most recent article provided evidence that expansion of a hexanucleotide repeat
(GGGGCC) in intron 1 of C9ORF72 represents a major cause of genetic forms of ALS [21].

Multiple sclerosis: Studies using imaging, serology, pathology and genetics, and patient
response to anti-inflammatory treatments suggests that MS is primarily an inflammatory
demyelinating disease of the CNS with varied clinical presentations and heterogeneous
histopathological features. The disease has a peak onset between the ages of 20 and 40 years
[22]; however, it may develop in children and has been reported in individuals over 60 years
of age. MS affects women approximately twice as often as men [23,24]. MS usually begins
in early adulthood and presents with a plethora of neurological manifestations with variable
prognosis [25]. It has been thought that within 15 years from the onset of MS, approximately
half of the patients will need assistance with walking [26]. According to the National MS
Society, in the USA alone, approximately 400,000 people have MS; with 200 more patients
added each week. To date, the pathogenesis of MS still remains elusive and there is no
definitive cause and no effective cure. Therefore, MS can be classified as an episodic
inflammatory demyelinating disease of the CNS. Disease pathophysiology is complex and
involves genetic susceptibility, environmental factors, and development of pathologic
immune-mediated responses leading to focal myelin destruction, axonal loss and local
inflammatory infiltrates.
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Dynamics of damage in CNS injury
Trauma to the spinal cord induces direct damage to the neural cells and vasculature followed
by hemorrhage and secondary damage to previously unaffected neural cells [27].
Subsequently, a reactive glial scar obstructs regenerating axons from rebuilding neural
circuitry [28]. One of the most studied, but inadequately understood obstacles to
regeneration of axons is the glial scar. The glial scar is histologically apparent, and is
composed of elements of connective tissue and astrocytes. Many studies in the last decade
demonstrate that production of inhibitory molecules and molecular composition of the scar
as factors that contribute to failure of regeneration [29–31].

In many cases of cerebral ischemia following occlusion, a necrotic center is observed. The
center is surrounded by a penumbra containing partially injured brain tissue [32].
Progressive CNS atrophy and neural cell death are often associated with neurodegenerative
disorders, in which loss of neural cells and disruption of neural transmission result in disease
symptoms [33]. The remarkable property of any organ lies in its regenerative capacity;
however, the nervous system appears to be privy to this capacity. Adult neurons lose the
embryonic intrinsic growth capacity in order to accommodate proper synaptic development
[34]. Spontaneous repair is almost nonexistent owing to persistent neuronal barriers to
axonal regeneration [35]. A few identified inhibitory molecules have been associated either
with myelin debris (myelin-associated glycoprotein, Nogo, Omgp and Ephrin-B3) or glial
scar (tenasin and chondroitin sulfate proteoglycan) [36–38]. However, genetic ablation of
identified major myelin inhibitors [39] or receptors for myelin or chondroitin sulfate
proteoglycans [40,41] have failed to induce long distance axon regeneration. Ramón y Cajal
demonstrated the formation of dystrophic growth cones in the late 1920s and suggested that
cones were no longer capable of regeneration (reviewed in [42]). The neuronal growth cone
is a sensory–motile structure located at the tip of an axon. Recent evidence indicates
otherwise, as Tom et al. described that the cones are in fact very active structures that have
been repressed in the extrinsic harmful environment [43]. Accordingly, Hur et al. reported
on engineering neuronal growth cones to promote axon regeneration over inhibitory
molecules [44]. The authors showed that pharmacological inhibition or genetic silencing of
nonmuscle myosin II, which powers retrograde actin flow in the growth cone, markedly
enhances axon growth over potent CNS inhibitory substrates via reorganization of the
growth cone cytoskeleton.

A useful model to understand mechanisms of neural regeneration is the use of dorsal root
ganglia (DRG). Irrefutable evidence that the environment within the lesion underlies the
failure of CNS regeneration came from studies in which DRG neurons were introduced into
prelesioned or undamaged white matter tracts [45]. These neurons were able to regenerate
rapidly and put out processes within the white matter tracts of spinal cord and brain.
However, when the neurons reached an area of CNS damage, axon growth stalled [46]. Both
the CNS and PNS contain axons from DRG neurons; however, when compared with the
axons of the central branch that ascend to the dorsal column in the spinal cord, only the
axons of the peripheral branch projecting to the peripheral nerve are capable of regeneration.
Subsequent studies showed that the regeneration of the peripheral branch positively
influenced repair of the central branch in the CNS [47], suggesting that the local
microenvironment plays a major role in regeneration and repair.

Presence of autoantibodies following CNS injury
Numerous autoantigens have been identified as playing a role in the exacerbation of human
neurological conditions. Studies demonstrated the serological and/or cerebrospinal fluid
presence of antibodies directed against MBP and/or myelin/oligodendrocyte glycoprotein in
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patients with MS [48]. However, the presence of myelin-specific antibodies are not limited
to MS. Using an ELISA, Karni et al. compared the levels and frequencies of anti-myelin/
oligodendrocyte glycoprotein antibodies in patients with MS, patients with other
neurological disorders and healthy control subjects and found only minor differences [49].
In a parallel line of research, other reports suggested lipids or carbohydrates as possible
candidate antigens for a humoral immune response [50]. An interesting report identified
anti-α-glucose-based glycan IgM antibodies as predictors of relapse activity in MS after the
first neurological event [51]. Others studies suggest that serum anti-Glc(α1,4)Glc(α)
antibodies may serve as biomarkers for relapsing–remitting MS [52]. Autoantibodies to
myelin proteins, lipids and carbohydrates can be found in tissue and sera of some MS
patients.

The presence of autoantibodies to neurofilament has been described after neurologic injury.
Following an acute first-ever stroke, the levels of anti-neurofilament antibodies are elevated
above baseline for several months [53]. Autoantibodies against the NR2A/2B subunits of N-
methyl-D-aspartate are reported to be similarly elevated in patients suffering from acute
ischemic stroke and transient ischemic attacks [54]. Antibodies to myelin-associated
glycoprotein, gangliosides, nuclear antigens, glutamate receptors and β-III tubulin have also
been reported in a majority of patients who suffered traumatic brain injury and SCI [55–58].
In Table 1, we summarized a few examples of neurological disorders where autoantibodies
play a pathological role.

Antibodies with hydrolytic properties towards self-antigens
Antibodies are versatile proteins and express activities such as neutralization, agglutination,
fixation with activation of complement and activation of effector cells. In addition to this
plethora of functions, some antibodies express enzymatic activity and are known as antibody
enzymes, abzymes or catalytic antibodies. Abzymes have been reported in patients with
neurodegenerative disorders. Anti-MBP antibodies with hydrolytic properties were isolated
from patients with MS [59]. Interestingly, the expanded disability status showed correlations
with the hydrolytic activity of the anti-MBP antibodies [60]. Hydrolytic IgMs were isolated
from sera of patients with AD. The IgMs hydrolyzed Aβ at rates superior to IgMs that were
isolated from age-matched humans without dementia [61]. IgMs from nonelderly humans
that were used as controls expressed the least catalytic activity. The presence of abzymes in
patients with ischemic stroke, ALS and SCI, with underlying vascular complications, has not
yet been reported. Nevertheless, coagulation factor hydrolyzing antibodies have been
reported in hemophilia A [62], acquired hemophilia [63,64], sepsis [65], multiple myeloma
[66] and in patients with renal graft transplant [67]. Some of the reported target antigens for
disease-associated hydrolytic antibodies include prothrombin, vasoactive intestinal peptide,
thyroglobulin, DNA, RNA, the antiplatelet integrin GPIIIa (β3), factor VIII and factor IX
[68]. Given that coagulation factor hydrolyzing antibodies exist normally in humans and
under pathological conditions, we hypothesize that similar antibodies could exist in patients
suffering from SCIs with associated vascular complications, and/or in patients with ischemic
stroke. It is certainly not clear to date whether the autoantibodies reported in neurological
disorders play a pathological or a beneficial role [69].

Natural autoreactive antibodies with therapeutic potential
We demonstrated that immunization with CNS homogenates or transfer of antiserum to
CNS homogenates promoted repair of demyelinated CNS lesions in a mouse model of MS
[70]. Based on this observation, we hypothesized that it might be possible to promote CNS
repair through regulation of the immune system. As a proof-of-concept, myelin-binding
antibodies in the sera of immunized mice preserved oligodendrocytes [71] and promoted
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remyelination [72]. Following the success of preliminary studies, to tempt the shift in
therapeutics, our laboratory employed a novel strategy to identify human monoclonal
antibodies that promote CNS protection and repair. These repair-promoting natural human
antibodies are of IgM subtype and have characteristics of classic natural autoreactive
antibodies. We isolated antibodies from the sera of patients with monoclonal gammopathies,
using selection criteria of monoclonal immunoglobulin concentration of 3 g/dl or greater and
a lack of neurologic or antibody-associated pathologies. The screening strategy we
employed involved binding to live CNS tissue (cerebellar slices) [73]. We identified two
IgM antibodies (sHIgM22 and sHIgM46) that promoted significant remyelination in vivo.
We then constructed a recombinant version of sHIgM22, rHIgM22, by cloning the antibody
variable region DNA sequence into an expression vector [74] providing the heavy and light
chain framework. GMP-grade rHIgM22 antibody was purified in gram quantities for formal
toxicology studies prior to Phase I clinical trials. Using a similar strategy we identified other
monoclonal IgM antibodies as candidates to test in different models of neurologic injury and
disease. We described two neuron-binding antibodies (sHIgM12 and sHIgM42) that
stimulated neurite extension [75]. A recombinant version of sHIgM12, rHIgM12, was
constructed and synthesized [76]. We recently reported that the binding of rHIgM12 to the
neuronal surface reorganized the membrane and signaled the promotion of axonal outgrowth
[77]. A single peripheral dose of rHIgM12 also improved motor function in a virus-induced
demyelinating disease mouse model of MS [78]. This neuron-binding antibody represents a
promising candidate for the treatment of not only MS, but also a number of other CNS
disorders, such as ALS, stroke and SCI. Neuroprotection is of particular interest in ALS
because of two reasons: a clear genetic cause is known only in a minority of patients; and
currently only one therapeutic agent has some effect in slowing the disease. On the other
hand, accumulated evidence to date, unless proven otherwise, points that the remyelination-
promoting antibody may basically be limited to the treatment of only demyelinating
disorders. In Table 2, we summarize the antigen specificity, function and results obtained
with beneficial natural autoantibodies in animal models.

Natural autoantibodies are polyspecific, react with self-molecules and are produced in
healthy individuals without any deliberate antigenic stimuli [79]. B-1 cells synthesize
natural IgM autoantibodies that help clear aging and damaged cells and have inflammation-
modulatory functions [80]. During development, the B-1 cells are positively selected and
secrete a wide repertoire of polyreactive natural antibodies. We have demonstrated that
therapeutic antibodies can also be isolated from Epstein–Barr virus-immortalized human B
cell lines obtained from normal adults, fetal umbilical cord blood, and rheumatoid arthritis
and MS patients [81]. This leads us to believe that therapeutic antibodies are present and
common in normal circulation. Mechanistic studies performed in our laboratory indicate that
natural autoantibodies function via intracellular signaling pathways that promote protection
and repair [82]. The use of rHIgM22 to enhance remyelination in humans would be the first
attempt that is entirely in contrast to the present therapeutic approaches (summarized in the
next section). A similar approach to treat CNS degenerative diseases or stroke with human
antibodies would also target intrinsic cells of the CNS (neurons). Most of the US FDA-
approved drugs currently in market for treatment of neurologic diseases target immune cells.

Expert commentary
Many of the current therapeutic strategies rely on maneuvers to deplete components of the
immune system [83]. The main mechanisms of therapeutic strategies to treat SCI target
phagocytes, T and B lymphocytes and cytokines to suppress lymphocyte activation and
macrophage infiltration. Other approaches act on cytokine production, genetic manipulation,
blocking adhesion molecules, neutralizing cytokines, promoting phagocytosis by
transplanting activated macrophages, or inducing protective autoimmunity. A recent article
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demonstrated recovery in rats with SCI when transplants of oligodendrocyte precursor cells
were given to the animals [84]. Treating SCI still represents a challenge with abysmal
prognosis. Therapeutic targets in stroke and cerebral ischemia are phagocytes, T and B
lymphocytes, and cytokines. Accordingly, the treatment mechanisms rely on the use of
antibodies directed against chemokines or adhesion molecules to block leukocyte adhesion
and migration into brain, leukocyte depletion via antibodies or genetic manipulation,
vaccination to induce protective autoimmunity or bystander suppression, inhibition of
inflammatory cytokines, and/or impairing macrophage/microglial activation. Therapeutic
management of cerebral ischemia relies on prevention and reduction of risk factors, such as
elevated blood pressure, thrombosis and carotid artery thickening. Interventional therapy of
cerebral ischemia remains limited to enzymatic thrombolysis by use of recombinant tissue
plasminogen activator, or by interventional removal of the blood clot. However,
recombinant tissue plasminogen activator has a short 3-h therapeutic window and increased
incidence of hemorrhagic cerebral ischemia if infused beyond the 3-h time frame [85]. The
target molecules in AD are Aβ and senile plaques. Proposed therapeutic strategies aimed to
vaccinate patients to increase Aβ antibodies, activate T-cell populations, plaque clearance
and passive immunization to promote Aβ efflux from the brain. There are polyclonal and
monoclonal antibodies that are currently under clinical trials for AD. These include
octagam, γ-guard, BAN2401, gantenerumab, ponezumab, solanezumab and bapineuzumab.
The epitope specificities of each antibody are different and it is, at present, difficult to
predict which of the antibody preparations can be used as a successful therapy to treat AD.

Unfavorable prospects hinder the treatment of ALS. Numerous therapeutic approaches have
been tested in animal models and despite further Phase II and Phase III clinical trials [86],
only one drug, riluzole [87], is in use and has shown only mild efficacy in slowing disease
progression [88]. Strategies to treat MS rely on immunosuppression to suppress lymphocyte
and macrophage proliferation, antigen presentation, proinflammatory cytokine production
and antibody production. In the recent years there has been an increasing use of several
monoclonal antibodies as promising agents in the treatment of MS. The purpose of these
antibodies is to deplete specific subsets of T cells, B lymphocytes and cytokines which are
implicated in disease pathogenesis, in order to decrease inflammatory influx and reduce
disease burden. Examples of such approaches in treatments for MS are alemtuzumab (anti-
CD52 antibody) [89,90], daclizumab (anti-CD25 antibody) [91] and rituximab (anti-CD20
antibody) [92]. It is clear that in addition to immunosuppressive/immunomodulatory
approaches there is also a need to begin promoting neuroprotection. The works of Mi et al.
highlighted the importance of regulation of oligodendrocyte differentiation and myelination
through the use of an antagonist to LINGO-1 [93,94]. Studies from this group reported that
anti-LINGO-1 antibody resulted in spinal cord remyelination and improved axonal integrity
[95]. Our work represented proof-of-principle that autoreactive human monoclonal
antibodies, despite binding different cell membrane antigens, activate target cells in a
conserved manner leading to beneficial biological effect [70,73,77,82,96]. Therefore, we
believe there is a need towards a paradigm shift, and to start directing treatments towards
intrinsic CNS cells that are affected in neurological diseases (neurons and
oligodendrocytes). Moreover, a combination of treatments can be envisaged for beneficial
synergistic effect.

It is essential to discuss the importance of the BBB breakdown in the context of therapeutic
approaches. There are several anatomical features between the vascular and the nervous
systems that have been recognized. The interface between the two systems is known as the
neurovascular unit, comprised of endothelial cells, astrocytes, neurons and pericytes. A
major component of the neurovascular unit is the BBB, which is formed by endothelial cells
and isolates the CNS from the blood circulation. Almost every aspect of CNS function is
affected due to this interface. The term ‘barrier’ gives the notion of a rigid, inaccessible
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obstruction between the vascular and nervous systems. However, the barrier is in fact a
region of dynamic molecular transport to constantly regulate the flow of essential
components, such as amino acids, across endothelial walls and maintain the homeostasis of
the microenvironment [97]. Following CNS injury, the BBB is compromised and promotes
accumulation of proinflammatory cytokines and cell lytic products. The resulting
inflammation may attenuate the efflux activity of the BBB, but also ameliorate the
permeability to bring in adaptive immune cells. Under these conditions, breakdown of the
BBB may in fact be beneficial, as this will result in an increased influx of natural
autoantibodies or drugs with reparative properties to target and protect intrinsic cells of the
CNS.

Alternative approaches to treat CNS injury may target sugar epitopes, as they seem to play
an important role in inhibition of regeneration. Steinmetz et al. have demonstrated that in
vivo digestion of proteoglycan side chains through enzymatic treatment resulted in
remarkable long-distance regeneration of adult axons through CNS white matter tracts [98].
Uninjured serotonergic fibers and injured corticospinal fibers increased sprouting after
enzymatic treatment [99]. A contemporary introduction to the therapeutic arm of CNS injury
is the deoxyribozymes. DNA enzymes, or DNAzymes, are single stranded and have been
reported not to exist in nature. Instead, they have been developed in the laboratory using a
technique called systematic evolution of ligands by exponential enrichment [100]. Following
injury, inhibitory components probably exert their inhibitory effects through
glycosaminoglycan side chains. Their synthesis is mediated by enzyme XT-1. Application of
DNAzyme to XT-1 avoided glycosylation and assembly of proteoglycan (a major group of
molecules that participate in axon growth inhibition) core protein into the extracellular
matrix. This led to the successful demonstration of microtransplanted and endogenous
severed sensory axons to grow beyond the lesion site owing to reduction of the inhibitory
environment [101]. Recently, Park et al. reported on the important role of the mTOR
pathway regulation and protein translation to determine the intrinsic axon regrowth
responsiveness of injured CNS neurons [102]. Axotomized adult neurons had a suppression
of this pathway, thus limiting new protein synthesis required for sustained axon
regeneration. When either PTEN or TSC1 were silenced in order to reactivate the mTOR
pathway, it led to induction of extensive axon regeneration in adult neurons. This supports
the idea that initiation of the neuronal regenerative program for axon regrowth can be
achieved by simply retaining active protein synthesis in axotomized mature neurons.

Alternate CNS repair strategies rely on cell transplantation in order to rewire neural network
connections and restore functional activity. Embryonic stem cells [103], adult neural [104]
and non-neural stem cells [105–107], and endogenous neural stem cells [108,109] have been
used previously to repair damaged neural networks. Accordingly, transplantation of
olfactory ensheathing cells (specialized glia of the olfactory system) improved functional
outcome and showed neuroprotective effects [110]. Sykova et al. reported on autologous
bone marrow transplantation in patients with subacute and chronic SCI [107]. Interestingly,
five out of seven acute patients demonstrated improvement of motor and/or sensory
functions. Accumulated evidence indicates that transplanted cells do not reconstruct the
neural circuits but only modulate immune responses and produce neurotrophic factors. This
is in contrast to what was expected to occur – that is, replacement of damaged neural cells.
The transplanted cells may require additional signals in the form of hematopoietic cytokines.
Kawada et al. documented that the administration of granulocyte colony-stimulating factor
and stem cell factor in the subacute phase after focal cerebral ischemia is effective for
functional recovery. The reason was an enhanced cytokine-induced generation of neuronal
cells from both bone marrow-derived cells and intrinsic neural stem/progenitor cells [111].
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However, neural stem cells pose ethical problems for acquiring and possess a potential for
tumorigenesis. Accordingly, undifferentiated embryonic stem cells transplanted into
experimental stroke animal models resulted in tumorigenesis [112]. The injected cells may
not be able to migrate to the site of lesion, and even if this was not the case, the injured CNS
microenvironment may not favor the differentiation and survival of newly formed neural
cells [113].

A final but nevertheless most important problem of all CNS repair strategies is the inability
to recover complex activities, developed on the basis of synaptic circuitry over decades of
experience, such as learning and memory. Hence, protecting neurons and axons already
existent from further damage and to coax them to repair seems to be a more potent
therapeutic approach. Accordingly, the use of natural autoantibodies or other approaches
that stimulate CNS cells are potentially important therapeutic techniques in combating a
wide spectrum of neurologic diseases. Finally, monoclonal antibodies that bind to the
surface of neurons to enhance neuronal outgrowth and prevent axon death could provide a
new approach to treatment of traumatic SCI, ALS, primary motor peripheral neuropathies or
even stroke.

Five-year view
Future prospects for CNS repair are encouraging with several promising therapeutic
approaches close to clinical trials. These approaches include cell transplantation,
remyelination-promoting and neuron-protecting antibodies and hormonal therapy. A crucial
step to repair involves the prevention of neural degeneration. There is a need towards
identifying definite risk factors causing these diseases and to investigate additional
inhibitory molecules responsible for the hostile, nonpermissive environment that prevents
regeneration. Knowledge obtained from such work should help in designing prevention
therapies for neurodegenerative disorders. Within the next 5 years, we believe that effective
treatments to stop and/or reverse neurodegeneration may be available on the market. A
combinatorial approach seems like a relevant option to bring about CNS repair. Potential
combinatorial therapeutic approaches could include neurotrophic factors that potentially
protect neural cells; ion channel blockers that inhibit neurotransmitter-induced excitatory
toxicity; neutralizers to reactive oxygen species; and agents that target the immune system to
eliminate deleterious immune system-mediated injury and perhaps natural autoantibodies
that replace deleterious micro-environment with beneficial outcomes. Indeed, human
monoclonal IgMs that target the CNS may enhance the permissive environment for
regeneration of neural cells or damaged neural networks, and thus regulate homeostasis.
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Key issues

• CNS injury results in permanent neurological damage.

• Definite risk factors for neurological disorders are unknown.

• Spontaneous CNS repair is limited because of the persistent hostile
microenvironment.

• Transplantation of neural cells into chronic CNS injury lesions may not induce
repair in diffuse diseases.

• CNS injury results in activation of microglial cells and production of
autoreactive antibodies.

• Current therapeutic strategies aim primarily at eliminating the inhibitory
environment.

• Natural autoreactive antibodies may be reparative by stimulating neurons and
oligodendrocytes.

• Effective treatment strategy should be a combinatorial approach to inhibit the
hostile microenvironment and stimulate intrinsic CNS cells for repair.
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Figure 1. Origin and function of microglia
(A) Microglia are derived from circulating monocytes or precursor cells that originate in
bone marrow. (B) A non-monocyte–macrophage lineage origin for microglia was also
proposed. (C) Disruption of the homeostatic mileu due to an insult or injury will enable
neurons to seek the help of microglia. (D) Microglia can in turn produce neurotrophic
factors to maintain failing or endangered neurons. (E) Constant presence of danger signals
will result in the activation of microglia at sites of tissue damage and expression of genes
related to enzymes, adhesion molecules, proinflammatory cytokines and free radicals. (F)
Persistent or excessive microglial activation may lead to impairment of neurons.
NO: Nitric oxide; ROS: Reactive oxygen species.
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Table 1

Examples of diseases where antibodies play a pathological role.

Disease Antigens Antibody Ref.

Myasthenia gravis Acetylcholine receptor Anti-Ach receptor [114]

Neuromyelitis optica Aquaporin-4 Anti-aquaporin-4 antibody [115]

Lambert–Eaton myasthenic syndrome Presynaptic voltage-gated calcium channel Anti-voltage-gated calcium channel [116]

Sox-1 Anti-Sox-1 [117]

Guillain–Barré syndrome Gangliosides Anti-GM1 [118]

Paraneoplastic syndromes Neuronal nuclei, 55 and 80 kDa Anti-Ri [119]

Neuronal nuclei and cytoplasm, 40 kDa Anti-Ta [120]

Neuronal nuclei and cytoplasm, 37 and 40 kDa Anti-Ma [121]

Amphyphysin Anti-amphyphysin [122]

Cytoplasm neurons, Purkinje cells Anti-Tr [123]

Cytoplasm, Purkinje cells Anti-Yo [124]

All neuronal nuclei, 35–40 kDa Anti-Hu [125]

Retinal photoreceptor, 23 kDa Anti-recoverin [126,127]

Subset of glia, 66 kDa Anti-CV2 [128]
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Table 2

Beneficial antibodies, antigen specificity and results obtained in animal models.

Target Function Antibody Result Ref.

LINGO-1 Enhance axon myelination Anti-LINGO-1 Promote spinal cord remyelination
and axonal integrity in MOG-
induced experimental autoimmune
encephalomyelitis

[95]

Sphingomyelin Promote oligodendrocyte
progenitors, reduce caspase levels

rHIgM22 CNS remyelination in TMEV and
lysolecithin models

[96]

Neurons Promote neurite extension rHIgM12 Improve function in chronic axonal
phase of TMEV infection

[78]

Gangliosides GQ1c, GT3, and
Neu5Acα2–8Neu5Acα2–
8Neu5Acα structure on both
glycolipids and glycoproteins

Promote axon growth A2B5 Not treated in animals [129,130]

Galactocerbrocide, sulfatide Promote oligodendrocyte
proliferation, Ca2+ entry into cells

O1, O4 Improve remyelination in TMEV
model

[131]

MOG: Myelin oligodendrocyte glycoprotein; TMEV: Theiler’s murine encephalomyelitis virus.
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