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Abstract

The immune response that accompanies spinal cord injury contributes to both injury and reparative
processes. It is this duality that is the focus of this review. Here we consider the complex cellular
and molecular immune responses that lead to the infiltration of leukocytes and glial activation,
promote oxidative stress and tissue damage, influence wound healing, and subsequently modulate
locomotor recovery. Immunomodulatory strategies to improve outcomes are gaining momentum as
ongoing research carefully dissects those pathways, which likely mediate cell injury from those,
which favor recovery processes. Current therapeutic strategies address divergent approaches
including early immunoblockade and vaccination with immune cells to prevent early tissue damage
and support a wound-healing environment that favors plasticity. Despite these advances, there remain
basic questions regarding how inflammatory cells interact in the injured spinal cord. Such questions
likely arise as a result of our limited understanding of immune cell/neural interactions in a dynamic
environment that culminates in progressive cell injury, demyelination, and regenerative failure.
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Introduction

Leukocytes are key responders to spinal cord injury. Their actions are immune-cell specific
and driven by a dynamic environment where early cell injury, axonal degeneration, and
demyelination become integrated into complex wound healing events including angiogenesis
and glial scar formation. In this review we consider spinal cord injury in the context of innate
and adaptive immunity and address the molecular mechanisms that govern leukocyte
recruitment and activation as well as leukocyte-mediated cell injury and repair processes.
Lastly, we consider the controversy of immunomodulation by vaccination with immune cells
as a strategy for the treatment of spinal cord injury.

Immune privilege and the spinal cord

The central nervous system (CNS) has been considered immune privileged because of its
inability to mount an immune response and process antigens (1. However, we now know that
the CNS, when challenged by injury and systemic infections, has the ability to mount a well-
organized immune response (. Evidence over the past two decades has thus redefined the
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CNSS from ‘immunologically privileged’ to an ‘immunologically quiescent” site 3. This
quiescent state is dramatically altered in the injured spinal cord where there is an orchestrated
invasion of circulating immune cells, activation of resident microglia and astrocytes, and
expression of classic immune and inflammatory mediators including complement, cytokines,
and chemokines ().

Inflammation and the “Uniqueness” of the spinal cord

The immune response in the nervous system varies according to location, with differences
noted between the injured peripheral nerve relative to the injured brain > 6), and between the
injured brain and spinal cord (7-9),

Central versus peripheral nervous system—In both brain and peripheral nerve injury,
axonal degeneration is evident within several days post insult ®). However, the time course
and the role of inflammatory cells in the ensuing degradation of myelin and removal of cellular
debris differ between these regions. Axonal debris is rapidly cleared in the peripheral nerve
within several weeks after injury (), whereas in the brain similar processes may extend over
a period of months ). This slower removal of debris may be attributed to the kinetics of the
immune response, particularly with regard to macrophages. Macrophages infiltrate the
degenerating peripheral nerve in a matter of days after axotomy and, along with Schwann cells,
play a significant role in both degradation and removal of debris (5 6). These findings contrast
to brain injury, where an increase in mononuclear phagocytes is more delayed in onset ©: )
and oligodendrocytes, unlike Schwann cells, remain quiescent during Wallerian
degeneration ®. The persistence of myelin debris, which has growth inhibitory properties,
likely, contributes to an environment that is nonpermissive to regeneration.

Brain versus spinal cord—Injury to the spinal cord results in a more robust inflammatory
response than seen in the brain (7 8). Following a mechanical injury or injection of
proinflammatory cytokines, neutrophil recruitment is significantly greater in the spinal cord
as well as more widespread within the cord parenchyma relative to the adult brain, which is
nearly refractory to leukocyte infiltration (7-9). This pattern of neutrophil recruitment is
attributed to differences in the expression of cytokine-induced neutrophil chemoattractant
chemokines ().

Collectively, these findings demonstrate that inflammation in the nervous system exhibits at
least some degree of site specificity. This regional specificity may confer a distinguishing
“signature” and as such offer clues as what factors govern immune-mediated events and how
immunomodulation may be best exploited to restore function after injury.

Innate and adaptive immunity

The immune system affords two types of defenses (Figure 1): one that is non-specific for any
particular antigen (innate immunity) and one that is specific (adaptive/acquired immunity),
where specificity is related to antigenic recognition and response (10).

Innate immunity—The innate immune response, typically triggered shortly after injury,
involves resident microglia/macrophages, neutrophils, and dendritic cells that infiltrate into
the injured parenchyma. In general, macrophages and neutrophils perform a variety of
functions that include destruction of offending microbes and phagocytosis of cellular

debris (11.12) Dendritic cells have a dual role in the immune reaction. Immature dendritic cells
are characterized by their phagocytic behavior, motility and expression of chemokine
receptors (13), These characteristics contrast that of mature dendritic cells which participate in
adaptive immunity through their ability to present antigens to T lymphocytes, resulting in their
activation (14),
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In the injured spinal cord, microglia, macrophages and dendritic cells function as antigen
presenting cells by signaling through Toll-like receptors. These receptors, expressed at the
surface of antigen presenting cells, bind to specific components of the pathogen, the pathogen-
associated molecular patterns, which in turn leads to activation of antigen presenting

cells @. Once antigen presenting cells are activated they phagocytose debris, express major
histocompatibility complex 1l (MHC II) molecules on their surface, and present peptides that
have been degraded to helper T-lymphocytes. Binding of pathogenic components to the Toll-
like receptors leads to the production of cytokines by circulating monocytes/macrophages,
microglia, and neutrophils, resulting in a pro-inflammatory reaction.

Adaptive immunity—Antigen presenting cells function as a crucial bridge through their
ability to present specific antigens to cells that participate in adaptive immunity. Unlike innate
immunity, adaptive immunity exhibits specificity, diversity, memory, self-/non-self-
recognition, and involves the upregulation of chemokines and cytokines with subsequent
recruitment of lymphocytes. The adaptive immune system is classified into humoral and
cellular responses (Figure 1). The humoral response is a second line of defense and is mediated
by B-lymphocytes, which release antibodies. The cellular response is executed by T-
lymphocytes (cytotoxic, CD8* and helper cells, CD4™") that are activated in response to specific
antigenic signals. CD4* T cells are classified into two subtypes based on the cytokines they
secrete upon activation. TH1 cells produce pro-inflammatory cytokines such as interferon-
gamma (IFN-y), tumor necrosis factor-alpha (TNF-agr;), and interleukin-6 (IL-6), whereas
TH2 cells secrete anti-inflammatory cytokines such as interleukin-4 (IL-4), interleukin-10
(IL-10) and transforming growth factor-beta (TGF-f).

Leukocytes, microglia/macrophages, and dendritic cells as mediators of cell injury and
repair processes

The inflammatory reaction in the acutely injured cord is an essential host defense mechanism,
which functions to eliminate invading pathogens and clear debris. Inflammatory cells also
promote wound-healing events that support recovery. These beneficial events in both the
acutely injured spinal cord and during wound healing may be overshadowed by an excessive
accumulation of toxic molecules produced by inflammatory cells that damage otherwise intact
tissue. A(\s iuch, inflammation in the injured spinal cord has been regarded as a “two-edged
sword” (1),

Neutrophils—Neutrophils are well-differentiated cells that have an intravascular half-time
of approximately 9 hours (18). Their persistence in inflamed tissue reflects a balance between
recruitment and apoptosis (11). Neutrophils accumulate within hours after spinal cord

injury (17-19) reaching a peak at 3 days post-injury followed by a second peak several weeks
later (11 (Figure 2).

Neutrophils support recovery processes through their ability to phagocytose cellular debris. In
addition, they summon macrophages into the damaged tissue 1), These macrophages function
not only as phagocytes (29 but also serve as a reservoir for cholesterol derived from ingested
myelin, which can then be used during remyelination of regenerating axons (1),

Neutrophils release reactive oxygen and nitrosyl radicals as well as cytokines, chemokines,
and a variety of proteases, including metalloproteinases and neutrophil elastase, and as such
are key determinants in secondary tissue damage (Table 1) (22-25), The damaging effects of
neutrophils in spinal cord injury are perhaps best illustrated in studies showing that either
depletion of circulating neutrophils, inhibition of neutrophil-related proteolytic enzyme
activities (19 23), or inhibition of neutrophil adhesion (26) confer neuroprotection.
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Activated microglia—Upon spinal cord injury, microglia become activated as evidenced
by retraction of processes, enlargement of their soma, up-regulation of surface antigens, and
production of innate cytokines and chemokines (Table 1). Activated microglia are evident by
the first day after spinal cord injury, increase in numbers by 7 days, and then plateau between
2-4 weeks post injury 27),

A recent review highlights the multiple phenotypes of microglia and their corresponding
functions in tissue repair and/or damage (8). Microglia participate in the removal of myelin
debris, produce growth factors including glial cell line derived neurotrophic factor (29 that are
favorable for neurite growth and regeneration (39), and express transforming growth factor-
betal (TGF-betal), a cytokine/growth factor that inhibits the release of cytotoxic molecules,
decreases astrocyte proliferation, and promotes neuronal survival (31),

Microglia are also implicated in necrotic and apoptotic neuronal cell death (32) and are integral
in the early response to axonal damage in human spinal cord injury (33). They produce TNF-
agr;, IL-1, reactive free radicals, and nitric oxide (17- 34, each of which can be damaging to the
spinal cord, as well as keratan sulfate proteoglycans, which form inhibitory boundaries to
extending neurites (39).

Monocytes/macrophages—Monocytes/macrophages are apparent in the injured spinal
cord within the first week after injury (27) 38) and macrophage activation is maximal between
7-14 days post-injury (Figure 2) 1), Macrophages support wound healing events in part by
functioning as phagocytes. However, they are also sources of pro-inflammatory cytokines and
neurotoxins including reactive oxygen species (37-39 and inducible nitric oxide synthase (40),
implicating them in cell injury (Table 1). As is the case with other inflammatory cells, their
relative contribution to either injury or repair is determined by the collective impact of these
opposing processes 1),

Dendritic cells—Dendritic cells, which arise from the differentiation of microglia (42 or
from a circulating pool (43), are antigen presenting cells and hence express high levels of MHC
Il and pro-inflammatory cytokines (34 (Table 1). As such, they support the ongoing
inflammatory response, which may exacerbate secondary injury. Their impact on wound
healing and recovery remains a matter of debate (44-46) in part because of their ability to produce
growth factors, including neurotrophin-3, and enhance neurogenesis (7).

B-Lymphocytes—B-lymphocytes are produced and mature within the bone marrow and
their numbers decrease in the peripheral lymph nodes and spleen after spinal cord injury (48),
They are present in the vicinity of the lesion site within hours after spinal cord injury and persist
for up to 1 week post-injury (Figure 2) (48.49)_ B-lymphocytes produce antibodies in response
to injury and as such are responsible for memory in adaptive immunity (Table 1). There is very
little known about the involvement of B-cells in the injured spinal cord. In experimental allergic
encephalomyelitis, they are known to promote demyelination 0. Given the paucity of data,
it is premature to suggest that they function in a similar manner in the injured spinal cord.

T- Lymphocytes—T-lymphocytes, produced in the bone marrow, mature in the thymus.
They are classified as either CD4* or CD8™ cells based on their phenotype and function (Figure
1). T-lymphocytes are present in low numbers in the uninjured spinal cord (36) and
progressively increase, in parallel with the activation of microglia and influx of peripheral
macrophages, within the first week post injury(32). Even though T-lymphocytes are typically
fewer in number than the invading macrophages or activated microglia, they have the potential
for promoting greater tissue damage. They do so through their ability to recognize specific
antigens, such as myelin basic protein, and proliferate in response to those antigens ®1). These
cells have an estimated life span of 1-2 months and thus their presence is well into the recovery/
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regeneration phase after injury 2. The magnitude and timing of their infiltration into the
injured spinal cord is species/strain dependent (36) (1), In mice there is a biphasic peak of
infiltration, the first occurring between 7-14 days and a second at 42 days (Figure 2). Similar
kinetics apply to both CD4* and CD8* cells, though the former occurs in higher numbers and
typically resides in a centralized zone of fibrosis (11),

T-lymphocytes likely play complex roles in both injury and repair mechanisms. Similar to
other inflammatory cells, T- cell functions are determined by molecular signals that attract
them to the injury site and by the microenvironment they encounter. Chemokines are
responsible for T-cell migration and modulate their activation and effector potential at sites of
inflammation 3. 54, There is evidence that T-lymphocytes participate in both injury and
recovery processes. Upon their activation, T-lymphocytes may kill target cells and produce
cytokines (5. 56) (Table 1). In addition, chronic T-cell activation precipitates in pathological
fibrosis and scarring 7). Such detrimental interactions are countered by studies supporting a
neuroprotective role in models of CNS injury and neurodegeneration 859, Thus, how T-
lymphocytes influence spinal cord integrity and function are determined in part by the antigens
targeted by the T-cell population (59).

Modulators of leukocyte infiltration

Specific adhesion proteins on both endothelial cells and leukocytes orchestrate the infiltration
of leukocytes into the CNS.

Adhesion molecules—Intercellular adhesion molecule (ICAM-1) and vascular adhesion
molecule-1 (VCAM-1) facilitate cell-to-cell interactions among astrocytes, endothelium,
microglia, and effector cells of the peripheral immune system such as T-lymphocytes,
macrophages, and neutrophils. Initial rolling of leukocytes is mediated by the selectins, while
interactions of ICAM-1 and leukocyte B2 integrin complex (CD11/CD18) are responsible for
leukocyte adhesion and diapedesis (60). The physical interaction mediated by ICAM-1,
VCAM-1, and other cell adhesion molecules forms an integral component of the effector phase
of immunological responses in the CNS. Supporting this idea is the observation that antibodies
specific for cell adhesion molecules are neuroprotective in spinal cord injury (26),

ICAM-1 serves as a ligand for CD11/CD18 (61). Beta2 integrins play an essential role in
leukocyte trafficking and activation, and arbitrate cell-cell interactions during inflammation.
The beta2 integrin, alphaDbeta2, expressed on monocytes/macrophages and neutrophils, binds
to VCAM-1. Increased expression of VCAM-1 promotes leukocyte extravasation. Blocking
the interaction between alphaDbeta2 and VCAM-1 attenuates the inflammatory response in
the injured spinal cord 62), resulting in decreased oxidative damage and lipid peroxidation,
and improves neurological function (63-65),

Cytokines and chemokines—Cytokines are regulatory proteins whose plieotropic actions
govern the amplitude and the duration of the immune response (Table 1). They are usually
released within minutes after challenge because they are stored intracellularly as precursor
proteins, which can then be modified into active molecules. Cytokines are broadly classified
into five major groups: interleukins, growth factors, interferons, chemokines, and tumor
necrosis factor. Tumor necrosis factor is the prototypic proinflammatory cytokine, as it is
primarily responsible for initiating the cascade of other cytokines in the classic immune
response.

The kinetics of chemokine expression parallels the influx of immune cells after spinal cord
injury (20.25.27) Chemokines are small, secreted molecules that have very specific conserved
cysteine residues in their amino acid sequences. Chemokines are expressed early after injury
and are thought to play a role in the recruitment of inflammatory cells to the lesion
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site (66.67)_There is a close correlation between infiltration of hematogenous cells and the
expression of soluble mediators, particularly chemokines, in injured tissue. Chemokine
CXCL10, involved in the recruitment of T-lymphocytes, is upregulated in the injured spinal
cord and contributes to post-traumatic tissue loss (56). Chemokine production is temporally
regulated after spinal cord injury and is associated with T-lymphocyte recruitment (35),
Blocking the interaction of a chemokine with its receptor by using specific antibodies,
antagonists, antisense oligoneucleotides, or blocking peptides limits the inflammatory
response (88-73) Whether chemokines predispose the spinal cord to T-cell mediated injury or
repair will depend on the antigen specificity of the responding T-lymphocytes and the timing,
magnitude, and composition of the chemokines produced.

Therapeutic vaccination: good or bad?

Historically, administration of high-dose methylprednisolone (MP), a glucocorticoid steroid,
acutely after SCI has been considered the standard of care in the United States. The principal
mechanism by which MP confers neuroprotection is likely through its ability to inhibit post-
traumatic lipid peroxidation. Although clinical results were initially promising, there have been
growing concerns that the modest neurological improvements seen with high-dose MP
treatment in injured patients are not worth the associated risks (74). Therefore, there is a critical
need to develop new pharmacologic therapies for treatment of SCI. A number of strategies that
non-selectively suppress inflammation have had varying effects on outcome after experimental
spinal cord injury over the last decade (Table 2). This variability may be in part attributed to
unique roles of inflammatory cells in both injury and recovery processes (10 31,75, 76),

Recent studies, targeting T-lymphocytes, highlight the complexity of developing
immunotherapies for spinal cord injury. It has been argued that autoreactive T-lymphocytes
exacerbate injury to axons and induce demyelination leading to functional loss (19),
Autoreactive lymphocytes are present in the CNS and may react with CNS proteins (/). They
play a prominent role in demyelinating disorders (/8 and participate in brain and spinal cord
injury. There is an abundance of myelin reactive T-cells in spinal cord injured and stroke
patients (7-81). Experimental studies are only now beginning to explore their function in spinal
cord injury. CNS-reactive T-cells exacerbate axonal injury, demyelination, and functional loss
after experimental spinal cord injury (51. 82,83) Moreover, mice with a transgenic T-cell
receptor specific to myelin exhibit worse functional outcomes after spinal cord injury than mice
of the same genetic background. This difference may be attributed to altered chemokine
expression (55 82),

Counter to this detrimental role is the view that macrophages are required for repair, and that
activated T-cells directed against CNS antigens are needed for defense and protection (84).
Consistent with this position, immunization with myelin epitopes concomitant with spinal cord
injury enhances axonal growth and recovery of motor function 8. Therefore, boosting the
immune responses to CNS injury under certain conditions may be more beneficial than harmful
to functional regeneration (°8). Implantation of activated macrophages ) or T-lymphocyte
mediated immune activity, achieved by either adoptive transfer or active

immunization 87-90) enhances recovery from spinal cord injury by conferring neuroprotection
or regeneration. Although the concept of neuroprotective autoimmunity is intriguing, there is
no definitive mechanism that explains its efficacy.

Conclusion

Spinal cord injury initiates both innate and adaptive immune responses, which participate in
early secondary pathogenesis and wound healing events. These immune responses function in
an environment in which cell injury and reparative processes co-exist. The extent to which
immune cells promote cellular injury or support recovery depends upon the timing and
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magnitude of their appearance and the nature of their interactions with one another as well as
with both injured and intact cells. Various strategies to selectively block the early innate
response yield the most consistent findings, namely that of neuroprotection and functional
recovery. However, we have yet to understand how such manipulations alter adaptive
immunity. Moreover, we are only beginning to address the role of inflammation in wound
healing events. We are moving beyond the important role that macrophages play in tissue
remodeling to the more complex interactions of lymphocytes in white matter injury and
remyelination. This exciting direction affords us the opportunity to examine novel interactions
that will ultimately provide greater insight into how we view immunomodulation as a strategy
to improve recovery in the spinal cord injured patient.

This review illustrates the complexity of manipulating the immune system to repair the injured
spinal cord. We are just beginning to appreciate that immune cells and mediators of the immune
system can have divergent effects in the injured spinal cord. Until there is clarity on the
mechanisms of this divergence, there is likely to be continued discordance in the scientific
community regarding the development of immune-based therapeutic vaccinations.
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In general, cells associated with innate immunity are either tissue specific or derived from a
circulating pool of inflammatory cells. The adaptive response consists of both humoral and
cellular components. The humoral response is typified by the production of antibodies and is
mediated by B-lymphocytes. The cellular response is mediated by T-lymphocytes, which are
further classified into cytotoxic, CD8* and helper cells, CD4*. CD4"* cells give rise to either
TH1 or TH2 types of responses. TH1 cells produce pro-inflammatory cytokines such as IFN-
v, TNF-agr;, and IL-6, whereas TH2 cells secrete anti-inflammatory cytokines including I1L-4,
IL-10 and TGF-B. Abbreviations: Interferon-gamma - IFN-y; tumor necrosis factor-alpha -
TNF-agr;; interleukin-6 - 1L-6; interleukin-4 - IL-4; interleukin-10 - IL-10; and transforming
growth factor-beta - TGF-.
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Figure 2. Schematic representation of timing of infiltration of inflammatory cells relative to
secondary pathogenesis and wound healing
Inflammatory cells participate in both early tissue injury and in wound healing events. This

summarizes data from several studies that have addressed the timing of infiltration relative to
early injury and wound healing events. Peak periods of infiltration coincide with barrier
disruption (1. 92), angiogenesis (®3-95), and glial scar formation (11). Note that the magnitude
of infiltration is expressed as arbitrary units for each of the cell types, and as such comparisons
cannot be made between groups.
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Table 1

Summary of immune cells and their roles in inflammation.
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Pro-regeneration/
wound healing events

Phagocytosis

Production of
neurotrophin-3

Phagocytosis, production|
of trophic factors IL-10,
TGF-p¢

Phagocytosis, production
of trophic factors, IL-10,
TGF-p (U

Unknown

Cell Type Type of Immunity Pro-inflammatory molecules| Mediators of cell injury/
death
Neutrophils Innate *Y) Express receptors for various Produce
chemokines and cg/(okmes metalloproteinases @),
MMP-9 ¢ reactive oxygen and
nitrosy! radicals ©
neutrophil elastase *
Dendritic cells Innate and Produce TNF-agr;, IL-1, IL 2, Function as antigen
adaptive ¢4 IL-6, IL-12, 1L-18, IEN-y % presenting cells
Monocytes/ Innate V) Produce TNF-agr;, IL- LIL2) Produce reactive oxygen
Macrophages IL-6, IL-12, 1L-18 ¢ species and nitrosyl
radicals (7
Microglia/ Innate and Produce TNF-agr;, IL-1, IL-2, Function as antigen
Macrophages adaptive 4V IL-6, IL-12, 1L-18 4 presenting cells; produce
reactive oxygen speues
and nitrosyl radicals
B- Adaptive @D Express receptors for various Produce antibodies
Lymphocytes chemokines and cytokines
T- Adaptive [C2) Express receptors for various Pro-inflammatory
Lymphocytes chemokines and cytokines, cytokines and

IEN-y, TGF-f %

chemokines “%

Production of trophic
factors, IL- 10 1L-4,
1L-13 ¢

Abbreviations: matrix metalloproteinase-9 - MMP-9; tumor necrosis factor-alpha - TNF-agr;; interleukin -

growth factor-beta - TGF-f;
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Table 2
Summary of anti-inflammatory therapeutics.
Anti-inflammatory Agents Type of Action Locomotor Function References
(relative to controls)
Antibody to the CD11d integrin Blocks infiltration of leukocytes Improves motor recovery (63)
Methylprednisolone General anti-inflammatory agent No difference (96)
Prednisolone derivative NCX1015 General anti-inflammatory agent Improves motor recovery 97)
Methylprednisolone + antibody to the General anti-inflammatory agent + blocks No difference (98)
CD11d integrin infiltration of leukocytes
GM6001 General matrix metalloproteinase inhibitor Improves motor recovery (23)
Interleukin-10 (1L -10) Reduces inflammation Improves motor recovery (99.100)
MP +1L-10 General anti-inflammatory agents No difference (101)
Interleukin-1 (1L-1) receptor antagonist Inhibits binding of IL-18 Not studied (102)
Interleukin-6 (IL-6) receptor antagonist Inhibits IL-6 binding Improves motor recovery (103)
Cyclooxygenase-2 inhibitors Inhibits cyclooxygenase enzyme secreted Improves motor recovery (104-106)
by macrophages
Antibody to CD95 Inhibit T cell apoptosis Improves motor recovery (107)
Minocycline General anti-inflammatory agent, partially Improves motor recovery (108, 109)
inhibits mitochondrial cytochrome C release]
Antibody to chemokine CXCL10 Inhibits chemokine function and hence T Improves motor recovery (56,110)
cell recruitment
Antibody to integrins Inhibits leukocyte infiltration Improves motor recovery 3
Neutrophil elastase inhibitor Inhibits neutrophil elastase Improves motor recovery (111.112)
lloprost Blocks leukocyte accumulation Improves motor recovery (113)
Antibody to P-selectin Blocks neutrophil adhesion to endothelial Improves motor recovery (114)
cells
FK 506 Inhibits T cell activation Improves motor recovery (115)
Antibody to ICAM-1 Inhibits neutrophil infiltration Improves motor recovery (26)
Antisense oligoneucleotides to inducible Decreases neutrophil infiltration and Not studied (116)

nitric oxide synthase

astrogliosis

Over the past decade, a number of anti-inflammatory approaches have had varying success in improving functional recovery after spinal cord injury.

Abbreviations: interleukin - IL; intercellular adhesion molecule-1 - ICAM-1
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