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The benefits of neuroinflammation for the repair of the injured
central nervous system
Heather Y. F. Yong1, Khalil S. Rawji1, Samira Ghorbani1, Mengzhou Xue2 and V. Wee Yong1

Inflammation of the nervous system (neuroinflammation) is now recognized as a hallmark of virtually all neurological disorders. In
neuroinflammatory conditions such as multiple sclerosis, there is prominent infiltration and a long-lasting representation of various
leukocyte subsets in the central nervous system (CNS) parenchyma. Even in classic neurodegenerative disorders, where such
immense inflammatory infiltrates are absent, there is still evidence of activated CNS-intrinsic microglia. The consequences of
excessive and uncontrolled neuroinflammation are injury and death to neural elements, which manifest as a heterogeneous set of
neurological symptoms. However, it is now readily acknowledged, due to instructive studies from the peripheral nervous system
and a large body of CNS literature, that aspects of the neuroinflammatory response can be beneficial for CNS outcomes. The
recognized benefits of inflammation to the CNS include the preservation of CNS constituents (neuroprotection), the proliferation
and maturation of various neural precursor populations, axonal regeneration, and the reformation of myelin on denuded axons.
Herein, we highlight the benefits of neuroinflammation in fostering CNS recovery after neural injury using examples from multiple
sclerosis, traumatic spinal cord injury, stroke, and Alzheimer’s disease. We focus on CNS regenerative responses, such as
neurogenesis, axonal regeneration, and remyelination, and discuss the mechanisms by which neuroinflammation is pro-
regenerative for the CNS. Finally, we highlight treatment strategies that harness the benefits of neuroinflammation for CNS
regenerative responses.
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GENERAL INTRODUCTION
Following injury to the central nervous system (CNS), there is an
influx of leukocytes to the site of injury and an activation of CNS-
intrinsic microglia; these phenomena are collectively referred to as
neuroinflammation. There is a well-defined body of evidence
showing that, in conditions such as multiple sclerosis (MS), an
excessive uncontrolled inflammatory response in the normally
immune-homeostatic CNS is destructive through an increase in
the levels of toxic cytokines, proteases, glutamate, and free
radicals.1–3 The literature is replete with evidence of the
detrimental effects of extensive neuroinflammation on CNS
constituents, such as injury to and the destruction of axons and
myelin, the loss of oligodendrocytes and neurons, and the death
of regenerating elements, including neural progenitor cells.4,5 In
this light, strong immunomodulators that ablate or suppress the
activity of immune cells have been successfully used to reduce
clinical relapses in MS, which are associated with the prominent
influx of leukocytes across the blood–brain barrier.6

Neuroinflammation, however, is not synonymous with poor CNS
outcomes, and lessons from the peripheral nervous system indicate
that, for the successful regeneration of axons after their transection,
an important dialog between infiltrating macrophages and Schwann
cells must occur.7 In correspondence, there are now multiple
examples of the significant benefits of inflammatory responses to
the injured CNS for protection against further deterioration
(neuroprotection) and for regenerative responses.8,9

The findings that neuroinflammation can be beneficial should
not be surprising given that the inflammatory response in other
tissues is often a natural healing process in the recovery from an
insult. Moreover, a vast amount of data now affirms that the
microglia intrinsic to the CNS are important for supporting brain
development, effectively pruning synapses during learning
throughout life, and alerting the CNS to a threat, among other
functions.10,11

In this review, we highlight the beneficial impact of neuroin-
flammation in fostering recovery after neural injury, focusing on
the CNS regenerative responses of neurogenesis and axonal
regeneration and culminating with remyelination. We further
highlight the mechanisms by which neuroinflammation can be
pro-regenerative within the CNS and discuss medicinal strategies
to harness such benefits. We integrate the results of studies on
various neurological conditions (including MS, traumatic spinal
cord injury, stroke, and Alzheimer’s disease) to draw generalities
on the mechanisms of the benefits of neuroinflammation for CNS
repair. Finally, we discuss medications that harness these benefits
for therapeutics.

NEUROINFLAMMATION PROMOTES NEUROGENESIS
The uninjured adult hippocampus is a region involved in
neurogenesis, the formation of new neurons, throughout life.
Learning-induced hippocampal neurogenesis is influenced by T
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lymphocytes. This is evident in an enriched environment, in which
wild-type mice form elevated numbers of new neurons while SCID
mice and nude mice (lacking T and B cells) exhibit impaired
neurogenesis.12 Further, in uninjured adult mice, cognitive
performance is dependent on the presence of IL-4-producing
T cells in the meninges; these T cells prevent their myeloid
counterparts from skewing towards a proinflammatory pheno-
type.13 The formation of adult hippocampal neurons in vitro and
in vivo from neural progenitor cells has beem reported to occur
through toll-like receptor (TLR)-2 signaling, while signaling
through TLR-4 may retard neurogenesis;14 TLRs are important
receptors in innate immune cells such as macrophages/microglia
and regulate their activity. In culture, microglia have been shown
to influence neurogenesis by providing instructive signals;
microglia or their secretory products rescue the progressive
decline of neural stem-like cells in culture to produce committed
neuroblasts.15 It is thought that the exposure of cultured neural
stem/progenitor cells to M2-like microglia activates the PPAR-
gamma signaling pathway, enabling the formation of new
neurons and oligodendrocytes.16

While inflammatory cells are important for neurogenesis in
uninjured adults, there is also good data that neuroinflammation
regulates the repopulation of neurons in the CNS after an insult. In
experimental autoimmune encephalomyelitis (EAE), an animal
model of MS, ependymal cells proliferate, and their progenies
migrate to areas of neuroinflammation and mature into neuro-
blasts, despite a pronounced inflammatory response within the
CNS.17 This repopulation of neurons in an inflammatory setting is
likely regulated by a chemokine gradient, with the elevation of
chemotactic molecules at the site of injury guiding the
progenitors from their niche to areas of injury.18 Antagonizing
TLR-4 in a model of intracerebral hemorrhage in rats further
emphasizes the importance of inflammatory cells in neurogenesis;
here, neurogenesis and angiogenesis are reduced and the
recovery of neurological functions is inhibited.19

Specific cytokines have also been implicated in promoting
neurogenesis. Interferon (IFN)-γ enhances neurogenesis in a
mouse model of Alzheimer’s disease, and IFN-γ transgenic mice
have elevated numbers of neurons in the neurogenic dentate
gyrus compared to those in wild-type controls.20 Many other
inflammatory molecules, including tumor necrosis factor-α (TNF-
α), interleukin (IL)-4 and -6, and several chemokines, have also
been recognized to have proliferative effects on neuronal
progenitors and other precursor populations in the CNS.21

In a fascinating study of irradiated mice, the proliferation of neural
progenitors in neurogenic zones and cognition were promoted by
granulocyte-colony-stimulating factor (G-CSF), a cytokine important
for the proliferation and maturation of myeloid progenitor cells and
the activation of mature granulocytes; moreover, by using G-CSF
receptor knockout mice along with bone marrow transplantation,
the authors concluded that bone marrow-derived G-CSF-responsive
cells are required for brain repair.22 Overall, there is ample evidence
that aspects of neuroinflammation are required for neurogenesis
after CNS insults.

NEUROINFLAMMATION FACILITATES AXONAL REGENERATION
That immune cell subsets alter the CNS microenvironment to
promote axonal elongation was suggested by early experiments
from David et al.23 using cocultured adult rat optic nerve sections
with dorsal root ganglia; the exposure of the optic nerve sections
to macrophages enabled neurites to invade the previously
nonpermissive optic nerve. Extending this line of research
in vivo, Prewitt et al.24 reported that the injection of activated
macrophages or microglia into the lesioned spinal cord of rodents
induces axonal regeneration.
After spinal cord injury, it appears that phagocytic macro-

phages/microglia are required to clear dead cells and debris that

would otherwise impair axonal elongation;25,26 their secretion of
complement C1q may also help shape newly formed synapses.27

In support of these mechanisms, one study reported that the
injection of the TLR-2 agonist zymosan into the eyes of rats
induces the regeneration of axons from retinal ganglion neurons
into the lesioned optic nerve; the authors identified oncomodulin
as a potent macrophage-derived factor that promotes axonal
growth in neurons.28,29 Conversely, inhibiting microglial activity
using nonspecific pharmacological inhibitors (e.g., cyclosporine A)
after monocular enucleation inhibits plasticity related to the
reorganization of the retinotectal pathway in the remaining eye.30

Using this knowledge, Chen et al.31 enabled axonal plasticity in
the chronic period following spinal cord injury by treatment with
lipopolysaccharide (LPS), a TLR-4 ligand with potent effects on
macrophages/microglia. More recently, another group found that
mild LPS stimulation plus rehabilitative training in chronic spinal
cord injury in rats enhances functional recovery and axonal
regeneration of the corticospinal tract.32

Macrophages and microglia are now recognized to have a
tremendous range of functions and can exist as members of one
of two subtypes: as cells with proinflammatory and potentially
toxic functions (“M1”-like) or as cells with anti-inflammatory/
regulatory and potentially reparative functions (“M2”-like).33 In
culture, M2-like cells promote neurite outgrowth in conditions
where M1-like cells do not.34 The adoptive transfer of M2-like
macrophages35 or the intraspinal injection of IL-4 to elevate the
levels of “M2”-like cells36 after spinal cord injury in rats promotes
locomotor recovery. IL-33, expressed by many neural cell types,
including oligodendrocytes, serves as a CNS-derived alarmin that
recruits M2-like macrophages to the contused spinal cord; IL-33
null mice have reduced recovery of motor scores following
traumatic spinal cord injury, which is associated with lower
representation of M2-like cells in the site of injury.37

T lymphocytes are another inflammatory subset of cells that
have been found to facilitate axonal regeneration.38 The adoptive
transfer of CD4+ T helper (Th) 1, but not Th2 or Th17 cells, 4 days
after traumatic spinal cord injury promotes locomotor and tactile
recovery associated with the regrowth of corticospinal tract and
serotonergic fibers.39 The many interactions between T lympho-
cytes and neural cells for CNS recovery have been well
summarized elsewhere.40,41

NEUROINFLAMMATION IS CRITICAL FOR REMYELINATION
Extensive literature exists on the benefits of immune cells for CNS
remyelination (Fig. 1).42,43 This was first highlighted by Triarhou
and Herndon44, who showed that depleting macrophages with
silica quartz dust impairs the clearance of myelin debris and delays
remyelination. Kotter et al.45 described that the depletion of
monocytes soon after injury using clodronate liposomes signifi-
cantly reduces subsequent remyelination. In mice with genetic
deficiencies in interleukin (IL)-1β or tumor necrosis factor (TNF)-α,
remyelination following injury is delayed.46,47 Complementing
these depletion experiments, the stimulation of immune cells with
TLR ligands enhances the recruitment of OPCs into lesions, thus
improving remyelination.48,49 Further, the introduction of IL-4-
treated regulatory microglia into the cerebrospinal fluid of rodents
with EAE increases oligodendrogenesis in the spinal cord.50 The
treatment of cuprizone-demyelinated mice with macrophage
colony-stimulating factor (M-CSF), a cytokine that stimulates
survival, proliferation, and the differentiation of myeloid cells,
stimulates myelin debris clearance and enhanced remyelination.51

Both the M1- and M2-like macrophage/microglia phenotypes
have roles in remyelination.52 In a postdemyelination state in
animals, proinflammatory (M1) macrophages/microglia predomi-
nate at early stages, and the depletion of these cells impairs OPC
proliferation; at later stages of postdemyelination, regulatory (M2)
macrophages/microglia predominate, and the depletion of these
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cells inhibits OPC differentiation.53 This study emphasizes the
difficulty of simply subclassifying macrophages/microglia into
subtypes that are either beneficial or detrimental. The types of
molecules affected by the predominant subset in a particular
injury microenvironment is likely an important determinant of
whether overall harm or benefit results.
An evaluation of human MS brain samples supports the

contention that macrophages/microglia are beneficial for remye-
lination. An examination of these samples documented that the
density of O4-positive oligodendrocyte precursor cells correlates
with the density of macrophages/microglia.54 Furthermore, the
elevated density of HLA-DR-positive macrophages/microglia at the
lesion border of MS plaques correlates with more prominent
remyelination.55

T lymphocytes are also implicated in myelin repair, although
their effect on remyelination is not well understood. In a model of
demyelination in mice, the ablation of CD4+ and CD8+ T cells
reduces subsequent remyelination.56 In another study, the
infiltration of myelin-specific T cells was shown to enhance
oligodendrogenesis in the mouse dentate gyrus,57 although the
transfer of myelin-reactive Th17 cells was found to attenuate
remyelination after cuprizone demyelination.58 In culture, Th2, but
not Th1, cells promote OPC maturation.59 More recently, in mice
genetically deficient in regulatory T cells, spontaneous remyelina-
tion after injury was shown to be attenuated. Spontaneous
remyelination was shown to be subsequently rescued by the
adoptive transfer of T regulatory cells, which deliver an important
oligodendrocyte trophic factor, CCN3.60

Overall, the process of oligodendrocyte repopulation and
remyelination is critically dependent on support from the
inflammatory response within the CNS.

MECHANISMS OF THE BENEFITS OF NEUROINFLAMMATION
FOR CNS REGENERATION
Several mechanisms have been identified to account for the
benefits of neuroinflammation in promoting CNS repair (Fig. 2), a
prominent one of which is the production of trophic factors that
favor recovery. In general, leukocytes and microglia are prominent

producers of neurotrophic factors, including oncomodulin, osteo-
pontin, platelet-derived growth factor, epidermal growth factor
(EGF), fibroblast growth factor-2 (FGF-2), ciliary neurotrophic factor
(CNTF), activin-A, glial-derived growth factor (GDNF), endothelin-2,
insulin-like growth factor-1 (IGF-1), and the neurotrophin nerve
growth factors brain-derived neurotrophic factor (BDNF) and
neurotrophin-3.61,62 Many of these neurotrophic factors have been
shown to be beneficial for the proliferation and/or differentiation
of OPCs and for neurogenesis.53,63–70 Recently, the sequential use
of osteopontin, IGF-1, and CNTF before spinal cord injury and FGF-
2, EGF, and GDNF after injury was shown to stimulate robust
axonal regrowth of propriospinal axons across astrocyte scars.71

We theorize that leukocytes that aggregate at the site of CNS
insult synthesize and release these growth factors with various
beneficial effects. Recently, microglia were also shown to produce
transglutaminase-2, which interacts with laminin to signal OPC
proliferation (through the ADGRG1 receptor).72 Moreover, neuro-
trophic factors such as NGF can be immunomodulatory; one study
observed that NGF can decrease detrimental neuroinflammation
by modulating the surface molecules on microglia (specifically by
lowering the levels of MHC class II).4

Perhaps more importantly, macrophages/microglia are needed
for the phagocytic clearance of myelin debris45,65,73–75 that
otherwise hinders the recruitment of reparative cells.76 Remyeli-
nation in spontaneously regenerative models is impaired upon the
depletion of monocytes/macrophages by the infusion of clodro-
nate liposomes, which is associated with an accumulation of
myelin debris; by studying the time period of depletion, the
authors concluded that early activity of these cells is important for
effective remyelination.73

Other inhibitors, including members of the extracellular matrix,
such as chondroitin sulfate proteoglycans (CSPGs), are also
deposited in lesions. CSPGs have long been recognized as
inhibitors of axonal regeneration and are also inhibitors of
remyelination, particularly OPC adherence and maturation.77–80

The clearance of CSPG deposition from areas of injury is a
therapeutic target.81,82 The regulatory M2-like subset of macro-
phages helps to degrade anchored CSPGs and promote axon
regrowth, at least in culture,34 and the breakdown of CSPGs by

Fig. 1 Immune ablation inhibits remyelination, while an appropriate increase in the immune response and select medications promote
myelin formation. The left panel shows OPCs in culture, while the right panel is a single oligodendrocyte (arrow points to the cell body) and its
myelin sheaths in vivo (images captured in the Yong laboratory). Please refer to the text for the references
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matrix metalloproteinases (MMPs) aids the subsequent maturation
of oligodendrocytes, allowing remyelination to occur.77 Moreover,
the phagocytic removal of lesion-deposited CSPGs by macro-
phages/microglia favors the differentiation of OPCs for subse-
quent remyelination and mitigates the proinflammatory
properties of CSPGs.79,80,83 Phagocytic myeloid cells are also
important in the clearance of toxic accumulations of substances
such as amyloid-beta (Aβ) in addition to that of CSPGs and myelin
debris. Rivest et al.84 reported that macrophages recruited from
the bone marrow clear intracerebral Aβ deposits to reduce the
latter’s neurotoxic potential in a model of Alzheimer’s disease. In
CCR2-deficient mice, where monocytes/macrophages are not
recruited to lesions, Alzheimer’s-like disease progression is
accelerated, with an increase in cognitive impairments and
amyloid deposition.85,86 As a further demonstration of the benefits
of microglia, their stimulation through TLR-4 improves Alzhei-
mer’s-like pathology.86 The roles of macrophages/microglia in
Alzheimer’s disease are heavily debated, but there is an
increasingly strong view that these myeloid phagocytes are likely
beneficial early on in the disease process for the clearance Aβ
deposits and less helpful in the later phases, when their prolonged
activation and the amplification of many toxic molecules
exacerbate injury.87,88 In support of this hypothesis, Hamelin
et al.89 used positron emission tomography of 18F-DPA-714, a
ligand that binds to macrophages/microglia in the brain, in
patients with Alzheimer’s disease and found that those with high
levels of 18F-DPA-714 in the initial stages of disease correlated
with a favorable clinical evolution, while patients with low initial
levels of 18F-DPA-714 had a poor clinical outcome.
Iron is a co-factor for many enzymes with important functions in

CNS cells;90 for example, oligodendrocytes normally use iron for
growth and differentiation. However, its unbuffered ferrous form
can be a source of highly damaging free radicals. The role of
macrophages in iron homeostasis has been studied, and the
results are complex.91,92 Activated macrophages transfer ferritin,
the iron storage protein, to OPCs, enhancing their differentiation
into oligodendrocytes.93 Macrophage polarization differentially
influences the activity of ferritin and ferroportin, which affect the
capacity of macrophages to store and release iron, respectively.
Proinflammatory macrophages tend to sequester iron, whereas
regulatory macrophages express genes that promote iron

release.92 In EAE, macrophages/microglia appear to have a defect
in iron efflux, disrupting their ability to handle iron and resulting in
the gradual accumulation of iron as the disease progresses.94

Another study conducted by the same group showed that an
increased loading of iron in macrophages induces a proinflam-
matory phenotype that may be detrimental to repair.95 More work
is necessary to determine how best to harness the pro-
regenerative capacity of macrophages in the context of iron
handling.
Another mechanism underlying the benefits of neuroinflamma-

tion is the generation of lactate. LPS-activated macrophages
engage in glycolysis rather than oxidative phosphorylation for
energy production, producing lactate as a byproduct.96 Lactate is
important for oligodendrogenesis,97 so it is conceivable that
proinflammatory macrophages responding to demyelination may
provide lactate as a metabolic factor to support remyelination.
In summary, there are multiple mechanisms by which neuroin-

flammation is beneficial to the CNS (Fig. 2). In addition to those
discussed above, there are likely other mechanisms that remain to
be elucidated. Although it is speculated that leukocytes that
infiltrate the injured CNS may transdifferentiate into neural
progenitors to repopulate the CNS, there is no good evidence to
support this possibility.

LEARNING TO HARNESS THE BENEFITS OF
NEUROINFLAMMATION FOR CNS RECOVERY
The pioneer of the field of beneficial neuroinflammation, Dr.
Michal Schwartz (Weizmann Institute, Israel) stated it best: the
question is “no longer if but how” to harness immune cells for CNS
recovery.98 How can one tap into the obvious necessity for a
properly directed immune response for enabling CNS reparative
goals without running into the dangers of overzealous immunity?
One strategy is to employ existing medications (Fig. 1) that
polarize immune subsets into those that are regulatory/anti-
inflammatory. A medication used in MS, glatiramer acetate (GA),
generates GA-reactive T cells that are Th2-polarized and macro-
phages that are M2-like.99,100 These GA-reactive cells are not toxic
to cells in culture, and there is evidence that they enter the CNS to
release various neurotrophic factors locally.101 Accordingly, GA
treatment has resulted in beneficial CNS outcomes, including

Fig. 2 Mechanisms of the benefits of neuroinflammation for myelin repair. Contributory mechanisms for remyelination include the
production of several neurotrophic factors by all types of immune cells, the reduction of immune overactivity by growth factors produced by
immune cells, the phagocytic clearance of inhibitory myelin debris and toxic substances such as Aβ, the removal of CSPGs that impede
remyelination and axonal regeneration, the maintenance of iron homeostasis, and the regulation of lactate bioavailability
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neuroprotection, neurogenesis, and oligodendrogenesis, in animal
models of MS, Parkinson’s disease, Alzheimer’s disease, and
Huntington’s disease.101–103 We described that the treatment of
mice with lysolecithin-induced demyelination of the spinal cord
with GA fosters the repopulation of oligodendrocytes and
remyelination.104

We note that there are other agents that have been shown to
modulate macrophage polarization towards an M2-like regulatory
phenotype, including interferon-β and the peroxisome
proliferator-activated receptor α/γ agonist, DSP-8658.105,106 Addi-
tionally, the antibiotic azithromycin and a purinergic receptor
P2X4 agonist were recently reported to induce a regulatory
phenotype in models of traumatic spinal cord injury and MS,
respectively.107–109 While promising, the timing of the adminis-
tration of a cellular polarization approach is important, as
remyelination may require an initial early proinflammatory
macrophage/microglia response and a subsequent regulatory
response as previously mentioned.53 Perhaps then, medications
that amplify a regulatory phenotype in combination with a mild
proinflammatory nonneurotoxic signature may be useful. We
described that the combination of TLR-stimulating amphotericin B
and the myeloid cell mobilizer/activator M-CSF enhances OPC
recruitment and remyelination by activating both proinflamma-
tory and regulatory macrophage/microglia signatures.110 While we
did not encounter neurotoxicity with this approach, the known
systemic toxicity of amphotericin B precludes its use as a
remyelination agent.
As the accumulation of cellular and myelin debris and CSPGs in

lesions are impediments to axonal regeneration and remyelina-
tion, therapies that enhance their phagocytic removal are
promising approaches to elicit CNS regeneration. The retinoid X
receptor agonist bexarotene stimulates phagocytosis in mono-
cytes derived from MS patients and promotes remyelination in
animals.111 Other agents that may aid in the removal of myelin
debris and Aβ are Protollin and monophosphoryl lipid A.86,112 Both
medications have been studied in the context of Aβ removal, and
it is conceivable that they would be effective in the clearance of
myelin debris. The phagocytic clearance of deposited CSPGs by
locally injected chondroitinase-ABC is an area of strong interest in
focal injuries,113,114 while inhibitors of CSPG production such as
“fluorosamine” (peracetylated-4-F-N-acetylglucosamine) offer a
more systemic approach to reduce CSPG production,80,83 which
would seem more reasonable for diffuse multifocal lesions, such as
those in MS.
A strong initiative to clear the Aβ deposited in Alzheimer’s

disease is ongoing. Antibody-induced Aβ uptake by myeloid
phagocytes has been the subject of many clinical trials,115 and
small molecules such as cromolyn have been shown to increase
Aβ phagocytosis in mouse models of Alzheimer’s disease.116

Research has also been undertaken to ascertain whether particular
properties of activated immune cells, such as the production of
proinflammatory molecules versus the phagocytosis of inhibitors,
can be separately targeted. The timing of treatment with these
medications must also be considered, as specific properties of
neuroinflammation for particular repair purposes occur at
different stages of specific neurological conditions. The age of
the recipient would also have to be considered given the changes
to the immune system that occur with aging.117 It would also be
pertinent to distinguish the functions of CNS-resident microglia
from peripherally derived cells to inform whether a treatment
needs to be able to penetrate the blood–brain barrier. As noted by
others, the “devil is in the details” for neuroinflammation.118

In summary, there still remain significant barriers to harnessing
the benefits of neuroinflammation without encountering its
detriments. However, given the emerging knowledge of the
details of “when and why” an inflammatory response is helpful
and appropriate, there is a strong likelihood that safe strategies to

promote beneficial neuroinflammation for CNS recovery will
become an increasing reality in the future.

CONCLUSIONS
Immune cells of all types can direct a beneficial CNS outcome by
producing neurotrophic factors, phagocytosing cellular debris and
potentially toxic products, and producing proteases to remove
inhibitory molecules such as CSPGs for repair. Increasing knowl-
edge of the details of neuroinflammation’s role in eliciting injury
or repair and an accompanied arsenal of medications to tap into
the benefits of neuroinflammation will enable the immune system
to be utilized in its original intent: to facilitate recovery from an
insult, including one to the CNS.
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