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Inflammatory reaction after traumatic brain injury: Therapeutic
potential of targeting cell-cell communication by chemokines
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Abstract

Traumatic brain injury (TBI) affects millions of people worldwide every year. The primary impact
initiates the secretion of pro- and anti-inflammatory factors, subsequent recruitment of peripheral
immune cells and activation of brain-resident microglia and astrocytes. Chemokines are major
mediators of peripheral blood cell recruitment to damaged tissue, including the TBI brain. Here
we review the involvement of specific chemokine pathways in TBI pathology and attempts to
modulate these pathways for therapeutic purposes. We focus on chemokine (C-C motif) ligand 2/
chemokine (C-C motif) receptor 2 (CCL2/CCR2) and chemokine (C-X-C motif) ligand 12/
chemokine (C-X-C motif) receptor 4 (CXCL12/CXCR4). Recent micro-array and multiplex
expression profiling have also implicated CXCL10 and CCLS5 in TBI pathology. Chemokine (C-
X3-C motif) ligand 1/ chemokine (C-X3-C motif) receptor 1 (CX3CL1/CX3CR1) signaling in the
context of TBI is also discussed. Current literature suggests that modulating chemokine signaling,
especially CCL2/CCR2, may be beneficial in TBI treatment.
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Traumatic brain injury

Traumatic brain injury (TBI) is defined as an open or closed head injury that disrupts brain
function. Millions of people worldwide seek medical attention for TBI as a result of falls,
motor vehicle accidents, sports- and war-related activities, among others. Depending on the
etiology, TBIs can be closed head or penetrating, and occur in a single event or in a
repetitive fashion [1]. Any of these types of injuries can result in various severities that are
clinically classified as mild, moderate or severe based on a series of neurological tests [2].

Regardless of origin, TBI sufferers experience a relatively stereotyped array of symptoms
associated with the injury: dizziness, confusion and sometimes loss of consciousness
(especially in severe injury). Even after the initial injury is managed and resolved, ~70-80%
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of TBI patients develop long-lasting effects such as changes in personality and cognition,
anxiety and depressive-like behaviors [3-6]. TBI also increases the risk for certain
neurodegenerative conditions. For instance, repeated concussive TBI has been associated
with the development of chronic traumatic encephalopathy (CTE) in athletes [7-9].
Furthermore, both repeated and single TBI show a strong association with increased
Alzheimer’s disease (AD) risk or earlier AD onset [10-12]. Correlations with Parkinson’s
disease and amyotrophic lateral sclerosis have also been reported, but the supporting
evidence is not as strong as for CTE and AD [13].

An important determinant of brain pathology and functional recovery after TBI is whether
the injury was focal or diffuse: whether it affected only the site of impact or led to the
involvement of functionally and anatomically connected brain regions [14]. The minutes and
hours after any TBI are characterized by acute pathology that includes — depending on the
nature and extent of injury — tissue and blood-brain-barrier (BBB) disruption, release of
excitotoxic compounds, axonal injury and neuronal death [15]. This primary pathology sets
in motion events that perpetuate dysfunction over time, often associated with spreading of
pathological changes to surrounding brain regions (diffuse injury) [14]. One of the main
driving forces of this secondary pathology appears to be the inflammatory reaction after TBI
[12].

TBI initiates an inflammatory reaction encompassing several inter-related components:
release of intracellular components to the parenchyma from damaged cells; activation of
brain-resident microglia and astrocytes; production of cytokines and chemokines; and
recruitment of peripheral immune cells into the brain. Many of these processes influence
each other to lead to complex interactions. For example, brain-resident cells secrete
chemokines that attract peripheral cells, which in turn release signaling factors. These serve
to recruit additional cells from the periphery, perpetuate activation of microglia and
astrocytes, and damage neurons.

Considering the high prevalence of TBI and its association with serious neurological
problems and risk for neurodegenerative diseases, there is strong impetus to develop new
TBI therapies that not only promote cell survival immediately after the injury, but also
address the development of secondary pathology. Because of the close association between
neuropathology and inflammation in space and time, the latter has emerged as an important
target for the amelioration of TBI [12, 16, 17]. Moreover, the persistent nature of
inflammation suggests that modulating inflammatory pathways may provide an extended
therapeutic window to prevent the development of secondary pathology and in this way to
promote subsequent neurological recovery.

Inflammatory reaction following TBI

Molecular mediators

The use of animal models (Box 1), human surgical and post-mortem tissue samples, and
analysis of cerebrospinal fluid (CSF) and plasma from TBI patients has elucidated the
temporal profile of inflammatory events following TBI (Figure 1) [18]. Within minutes and
hours of the injury, damaged cells release certain intracellular components that act as
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“Danger Associated Molecular Patterns” (DAMPS) and signal to other cells via pattern
recognition receptors (Figure 1A). DAMPs include Heat shock proteins (HSP) 60 and 70,
nucleic acids, and high mobility group protein B1 (HMGBZ1), which signal principally to
tolllike receptors 2 and 4 (TLR2 and TLR4) [19]. In response to these and other stimuli,
astrocytes, microglia and damaged neurons at the injury site start secreting cytokines and
chemokines. This initial wave of inflammatory signals serves to activate microglia and
astrocytes, possibly increase their migration to the site of damage and recruit peripheral
immune cells. After they enter the brain, leukocytes initiate a second wave of inflammatory
mediators that contributes to the tissue damage.

The number of inflammatory mediators recognized to participate in the response to TBI has
expanded over the last few years through application of multiplex assays that measure
multiple uniqgue mRNA or protein analytes at once. These approaches enable kinetic studies
of mediator production in TBI animal models [20-23]. For example, more than one study
reported expression of IL-1f, TNF-a, IL-6, CCL2, CCL3, CXCL1, CXCL2, CXCLS8/IL-8,
CXCL10, CCR2, CCR5, CXCR4 and CX3CR1within 6 hr of TBI. Importantly, the same
mediators have been detected in the early stages after injury in TBI patients, at the mRNA
level by ribonuclease protection assay, or the protein level by multiplex analysis of
microdialysis samples. As in animal models, the levels of many cytokines and chemokines
peak within 4-12 hr after TBI [24, 25]. Moreover, most chemokines are present at higher
levels in the cerebrospinal fluid than plasma, indicating local production by brain-resident
cells [24, 25].

In the past few years, the central role of inflammatory signaling in TBI response has been
even further supported by large-scale microarray analyses covering much or all of the
genome [26-30]. In bioinformatic analysis of all studies so far, functional pathways related
to inflammation, stress, (inflammatory) cell movement and cell signaling were among the
top pathways differentially affected by TBI. These data were obtained by several groups
using different animal models, showing that the importance of inflammation is model- and
platform-independent. Examination of specific genes differentially affected by TBI in
microarray experiments converged on cytokine and chemokine pathways similar to the ones
identified by the narrowly focused multiplex assays [24—-30]. Together, these studies confirm
that early upregulation of inflammatory mediators is a robust response that likely contributes
to the subsequent neuropathological sequelae of TBI.

Cellular response

The tissue damage and subsequent release of inflammatory mediators after TBI lead to
changes in the function of brain-resident cells and recruitment of peripheral cells (Box 2). If
one imagines a prototypical cortical impact, among the first cell types to respond to injury
are neutrophils, whose accumulation starts in the subarachnoid space and vascular elements
near the injury. Neutrophils subsequently enter the brain parenchyma around 1 day post
injury (dpi) (Figure 1A), mediated at least in part by upregulation of adhesion molecules on
the endothelium [18, 31-35]. While neutrophil recruitment to tissues is essential in
responses to peripheral infections and damage, they release reactive oxygen and nitrogen
species that damage the brain parenchyma. Neutrophil presence in the brain is greatly
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reduced by 3-5 dpi when mononuclear leukocyte accumulation predominates (Figure 1B, C)
[18, 31, 36]. Identification by immunohistochemistry and flow cytometry indicates that most
recruited cells are inflammatory CD45NCCR2*Ly6C* monocytes, with a small contribution
of T lymphocytes, NK and dendritic cells (Figure 1C) [35-37]. At the same time, brain-
resident microglia and astrocytes become activated. Microglia assume an amoeboid
morphology, secrete inflammatory factors, perform phagocytosis, and are largely
indistinguishable from infiltrating monocyte-derived macrophages (Figure 1C) [31, 38-42].
While peripheral cells are largely absent by 10-14 dpi (Figure 1D), the presence of F4/80*
macrophages and GFAP* astrocytes at sites far from the primary injury, such as thalamic
projection fields of injured neurons, for months and even years after the primary insult is
indicative of diffuse injury [38, 39, 43, 44].

Consistent with coup-countercoup injury, a focal brain insult induces inflammatory gene
expression on the opposite side of the brain [21, 30]. While some genes respond
concordantly on the ipsilateral and contralateral sides, the expression of other genes changes
in opposite directions. These studies confirm that, despite the lack of detectable cellular
reaction on the contralateral side (see above), an injury event affects the whole brain.

Neutrophils were the first cells targeted for therapeutic intervention, probably because of
their prominent accumulation in the brain early after TBI and their contribution to tissue
damage through oxidative bursts [32, 33, 45, 46]. Disappointingly, multiple studies showed
that blocking neutrophil entry into the brain by deletion of cell adhesion molecules required
for neutrophil entry was not associated with an improved neurological outcome on a variety
of motor and cognitive tests [18, 45, 47-49]. Since then, the focus has shifted to anti-
inflammatory therapies that inhibit macrophage/microglial activation (for example, with
minocycline) or therapeutic modulation of the molecular components of TBI-induced
inflammation, including cytokine, chemokine and TLR signaling. Indeed, there is extensive
literature on targeting cytokine signaling after TBI [17, 50-52, Reviewed in 53]. This review
will concentrate on efforts to target chemokine/chemokine receptor signaling to modulate
brain-periphery communication after TBI.

Strategies aimed at chemokine signaling

Chemokine biology

Chemokines are a large subgroup in the cytokine family [54]. They were originally defined
as “chemotactic cytokines” because of their ability to attract immune system cells to a site of
injury or infection. Since then, chemokines have been implicated in a variety of non-
inflammatory functions, including nervous, hematopoietic and urogenital system
development, cancer and bone marrow homeostasis. Chemokines elicit their effects after
binding to seven transmembrane domain G protein-coupled chemokine receptors. While all
typical chemokine receptors couple to Gai G proteins, ligand binding stimulates a wide
variety of intracellular signaling pathways such as activation of phospholipases, mitogen
kinases and small G proteins (Rac, Rho, cdc42) that ultimately lead to changes in actin
polymerization and cell movement [54].
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Chemokines can be divided into four groups based on the presence of positionally conserved
cysteine residues in their primary structure: XC, CC, CXC, and CX3C chemokines (Figure
2A). Although there are no absolutes, chemokines within each group also tend to share
similar functions and bind to related receptors (named XLRs, CCRs, CXCRs, CX3CRs).
One subfamily, CXC chemokines containing Glu-Leu-Arg (ELR) matif, are involved in
neutrophil attraction, whereas many CC chemokines/CCRs are involved in mononuclear
leukocyte trafficking [54]. In vitro, chemokines exhibit considerable promiscuity of ligand/
receptor interactions, as individual ligands can bind several receptors and certain receptors
can be activated by multiple ligands (Figure 2A). CX3CL1/CX3CR1, which will be
discussed below, represents one of few monogamous chemokine/receptor pairs [54-56].

Consistent with the diverse functions of the chemakine system, chemokines and their
receptors are also expressed in the central nervous system (CNS) where they play key
functions in development and maintenance [55, 56]. For example, CXCL12/CXCR4
signaling is involved in maintaining the neural stem cell niche and CX3CL1/CX3CR1
signaling modulates stimulus-dependent microglial activation [56].

Several chemokines and their receptors have been examined in the context of TBI. CXCL8/
CXCR2 signaling has been extensively researched in this context. Specifically, multiple
studies report that CXCL8 levels in CSF and/or plasma of TBI patients show some evidence
of correlation with poorer outcome [17, 52, Reviewed in 53, 57]. This literature has been
reviewed, so we will not reexamine it here. We will instead describe the involvement of
several other chemokine signaling pathways, focusing on CCL2/CCR2, CXCL12/CXCR4,
CXCL10/CXCR3, CX3CL1/CX3CR1 and CCL5/CCR1,3,5.

CCL2/CCR2

CCR2 is mainly expressed on a subset of monocytes (inflammatory, CD45Ly6Chi
monocytes) and is important in monocyte mobilization out of the bone marrow and
recruitment to tissues (including brain) in inflammatory states [54, 58]. Indeed, Ccr2~/~
mice have significantly reduced numbers of circulating inflammatory monocytes with a
corresponding accumulation of these cells in the bone marrow, indicating their non-
physiological retention [59] (Figure 3). As expected, these mice demonstrate failure to
accumulate monocytes in the CNS in neurological disease or injury models [58] (Figure 3).
CCR2 is activated by CCL2 (also known as monocyte chemotactic protein-1, MCP-1),
CCL7, CCL8 and CCL12 (in mice)/CCL13 (in humans), with CCL2 being the most
intensely studied ligand [58].

There is substantial evidence to support the involvement of CCL2/CCR2 signaling in TBI.
CCL2 was one of the initial chemokines identified as significantly upregulated within 24 hr
in rodent models of TBI at both the mRNA and protein level (Figure 2B) [20-23, 41, 42,
60-64]. In situ hybridization, immunohistochemistry and immunofluorescence techniques
have shown CCL2 expression in both GFAP-positive astrocytes [60, 61] and cells with
macrophage morphology and markers [61, 64]. CCL2 is also detected in surgically resected
samples from TBI patients and in patient CSF and plasma [42, 65-67]. Interestingly, older
mice subjected to TBI experience a larger induction of CCL2 (and other chemokines) than
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young mice [41], which could have clinical significance because of increased incidence of
TBI in the elderly.

The functional contribution of CCL2/CCR2 to TBI pathology has been examined recently.
In the weight-drop model of closed head injury, CCL2 deficiency in mice only slightly
affected cell loss and lesion volume in the first 7 dpi, but resulted in reduced lesion size,
decreased F4/80 and GFAP immunoreactivity and improved neurological recovery by 28 dpi
[42].

Additional studies utilizing CCR2 inhibition have expanded on the role of CCL2/CCR2
signaling in TBI. Liu et al. showed beneficial effects of CCR2 antagonism in the acute
stages after weight drop TBI. Treatment of rats with a high dose of the CCR2 antagonist
RS504393 after TBI decreased the number of apoptotic cells at 3 dpi [64]. Moreover,
RS504393 significantly improved rat performance on the Morris Water Maze test of spatial
memory, reducing escape latency on a probe trial at 3 dpi [64]. Similarly, Morganti et al.
[68] used a different CCR2 antagonist, CCX872, in the controlled cortical impact model of
TBI in mice. The authors showed that pretreatment with CCX872 led to reduced
CD11b*F4/80MCD45N macrophage accumulation at 1 dpi, especially in the hippocampus,
overall decreased inflammatory gene expression, and improved performance on the radial
arm water maze test at 28 dpi [68].

These findings are also supported by data obtained in Ccr2~/~ mice subjected to controlled
cortical impact in two separate studies [69, 70]. Acutely, at 3 dpi, Ccr2~/~ mice had
decreased lesion cavity and inflammatory gene expression, decreased number of infiltrating
CD45MNCCR2* monocytes by flow cytometry and decreased number of F4/80* phagocytic
cells by immunohistochemistry [70]. At the 8 week time point, these mice displayed higher
neuronal density in CA1 region of hippocampus and improved performance on Morris
Water Maze test [69]. As expected, CCR2 deficiency did not affect the number of
infiltrating Ly6G* neutrophils which do not express CCR2 [69], but reduced dendritic cell
numbers (both CD11c* and PDCA-1" subtypes, both of which can express CCR2) [70] after
TBI.

The examination of CCR2 signaling in the context of TBI has provided important
information about general myeloid cell biology. Both Hsieh et al. [37] and Morganti et al.
[68] studied gene expression in specific cell populations after TBI by gPCR and microarray
analysis, respectively. Hsieh et al. [37] isolated macrophages expressing arginase-1, a
marker that has been associated with wound repair and the so-called alternatively activated
(M2) macrophages. However, the authors determined that these “M2” macrophages
concurrently express many markers associated with classical activation (M1). Similarly,
Morganti et al. [68] showed that Ccr2*™ macrophages in the brain after TBI express a range
of M1 and M2 markers during the different time points examined. Each gene changed with
its own characteristic time course such that not all M1 genes were expressed at the same
time and not all M2 genes were expressed at the same time. Instead, there was a mixture of
M1 and M2 genes at all time points. These studies highlight the plastic nature of
macrophages — and also likely microglia — that cannot be described by a simple M1/M2 (or
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M2a, M2c, etc) designation. Instead, myeloid cells adopt a phenotype (responsive state) that
is characterized by gene expression specific to each stimulus.

Overall, deficiency in either CCL2 or CCR2 signaling appears to be beneficial after TBI by
improving both histological and neurological outcomes. Yet, it should be pointed out that
interfering with CCL2 or CCR2 signaling will have different effects in the context of TBI.
Ccr2~/~ mice show a larger retention of CD11b*CD45" monocytes in the bone marrow
than Ccl2~/~ mice [59], making these inflammatory monocytes unavailable to respond to
TBI (Figure 3). CCR2 antagonists would act in a similar fashion, preventing monocyte exit
from the bone marrow and extravasation into the brain (Figure 3). In contrast, monocytes in
Ccl2—/— mice still express CCR2 receptors and could enter the brain after TBI if induced by
other ligands (Figure 3).

CXCL12/CXCR4

CXCL10

Another chemokine signaling pathway implicated in TBI pathology is the CXCL12/CXCR4
pathway, which is also involved in adult neural stem cell population maintenance [56].
CXCR4 but not CXCL12 is upregulated in the cortex surrounding the damaged area at 3 and
7 days after TBI (Figure 2B) [71, 72]. CXCR4 is expressed by cells displaying neural stem
cell markers (nestin, SOX2, neurofilaments) [71]. Intracranial injection of CXCL12 (also
known as stromal derived factor-1a, SDF-1a) induced angiogenesis, improved edema,
lessened BBB permeability and reduced numbers of TUNEL+ apoptotic cells and
intracellular apoptosis mediators in the controlled cortical impact and weight drop models of
TBI [72, 73]. When peripheral blood cells differentiated in vitro to CXCR4+ stem-like cells
were injected into the lateral ventricle one day after lateral fluid percussion injury, the cells
accumulated at the injury site, appeared to secrete neurotrophic factors, and expressed
markers of immature and mature neurons at 1 and 3 months after TBI [74]. The expression
of neuronal markers was not explained by cell fusion with neurons as the CXCR4+ cells
were not polyploid by flow cytometry and had only one DAPI-labeled nucleus by confocal
microscopy [74]. In contrast, CXCR4+ cells injected into sham mice that did not receive
injury did not migrate out of the ventricles and into the brain parenchyma [74]. The stem
cell-treated TBI rats showed improved learning in the training phase of the Morris Water
Maze test on 11-15 dpi, but not in the testing phase with submerged platform [74]. The rats
were not subjected to cognitive testing at later time points.

CXCL10 (also known as inhibitory protein-10, IP-10), a chemokine involved in Thl
immune responses [54], is consistently upregulated after TBI in gene array experiments and
in samples from TBI patients (Figure 2B) [20, 21, 23-25, 27, 65]. Interestingly, Cxcl10
mRNA is expressed in clusters of Fcgrl* cells with highest density seen close to the injury
site at 3 and 7 dpi, but also detected throughout the brain [20]. The Fcgrl* clusters are still
present in Cxcl10-/- mice, indicating that the presence of the chemokine does not drive their
formation. Furthermore, while Cxcl10 mRNA is reduced in Ccr2-/- mice, the clusters are not
eliminated, suggesting that CCR2-positive cells do not participate in cluster formation. In
situ hybridization analysis of Itgax mRNA (encoding CD11c, a dendritic cell marker) [20] or
Fcrgl (Fcy receptor) show similar cluster formation in the same anatomical locations as the
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Cxcl10 clusters not only after TBI, but also in the SOD1G93A model of amyotrophic lateral
sclerosis and the experimental autoimmune encephalomyelitis model of multiple sclerosis
[75]. Based on appearance, the clusters may be formed around microvessels and represent
cells extravasating into the brain parenchyma [20]. However, the cellular sources of
CXCL10 and the cellular composition of CXCL10+ clusters in TBI have not been
definitively characterized [75].

CX3CL1/CX3CR1

CCL5

Despite the considerable attention they have attracted in many brain pathologies [56], the
data on CX3CL1/CX3CR1 signaling in the context of TBI are very sparse. Analysis of
CX3CL1 (also known as fractalkine) and CX3CRL1 is limited to mRNA and free peptide by
ELISA and Western blot, as tissue immunohistochemistry is not informative due to antibody
non-specificity. Cx3crl mRNA levels gradually increase over one week after closed head
injury in mice (Figure 2B), but there is no change in Cx3cl1 mRNA expression [76].
However, CSF levels of soluble CX3CL1 are significantly higher in TBI patients that in
healthy controls at 1 dpi (Figure 2B) [76], suggesting that CX3CL1 function might be
regulated by chemokine cleavage after TBI. Indeed, CX3CL1 may be either membrane-
bound or soluble, and the two isoforms exert distinct effects [77-80]. More work must be
performed to establish whether TBI regulates CX3CL1 cleavage and to define the roles of
soluble or membrane-bound CX3CL1 in TBI pathology.

While its functional significance in TBI has not been characterized, data from many other
studies suggest that CX3CR1 ligation might play an important role in TBI. First, CX3CR1
regulates microglial toxicity in the lipopolysaccharide model of neuroinflammation and in
neurodegeneration models of AD, Parkinson’s disease and amyotrophic lateral sclerosis [80,
81], all of which have also been linked to TBI incidence. Second, activated microglia are
prominent in the early stages after TBI (Figure 1). Hence, it is plausible that CX3CL1/
CX3CR1 signaling will also play a role in TBI pathogenesis. Interestingly, CX3CR1* blood-
derived monocytes, rather than resident microglia, appear to contribute to axonal damage in
the dorsal column crush model of spinal cord injury [82]. Therefore, the effects of CX3CR1
modulation of TBI pathology need to be carefully examined before this signaling pathway
can be considered for therapeutic intervention.

CCLS5 (also known as RANTES) is a chemoattractant and activating cytokine for T cells,
monocytes, eosinophils and basophils that can signal through CCR1, CCR3 or CCR5 [54].
In both animal models and TBI patients, Ccl5 mRNA is upregulated in the cortex after TBI
(Figure 2B) [41, 65]. CCL5 is also elevated in plasma of TBI patients and its concentration
at admission may correlate with poor outcome in TBI patients [24, 83]. However, to date
there are no functional or mechanistic studies to enhance our understanding of this
association. However, there are clues about how CCL5 may modulate pathology in other
experimental conditions. In spinal cord injury, CCL5 (and CXCL10) promotes T cell
recruitment [84]. Although T cells represent only a small proportion of the infiltrating
leukocytes in TBI, they have the potential to secrete monocyte-attracting chemokines such
as CCL2 [84]. Furthermore, CCL5 signals through several receptors (CCR1, CCR3, CCR5),
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expressed both on T cells and monocytes [54], resulting in a large number of possible
functional outcomes. This highlights the complexity of inflammatory cell interactions via
chemokines, necessitating the careful elucidation of chemokine signaling in TBI.

Concluding remarks

With its high incidence, neuropsychological morbidity and link to neurodegenerative
diseases, TBI represents a significant public health and financial burden. Because injuries
cannot be entirely prevented, one attractive treatment strategy is to interdict the development
of secondary brain pathology. Inflammatory pathways become active immediately after
injury and therefore represent an appealing target to influence the ongoing pathology.

The inflammatory reaction following TBI comprises a complex interaction of cellular and
molecular components that cooperate in a restricted spatial and temporal pattern: specific
cell populations are recruited to the injury site at specific times and express a limited array
of mediators. For this reason, a potential therapeutic approach could be directed at only one
TBI-induced target, giving specificity to the approach, but influencing multiple downstream
mediators. Unfortunately, initial efforts to reduce neutrophil infiltration in the brain, the first
peripheral population to be recruited to the brain after TBI, have not improved motor or
neurological recovery [18, 45, 47-49].

Certain chemokines and their receptors are specifically altered in TBI, and thus the
chemokine system has arisen as a potential target for TBI treatment. Early studies examining
the effects of reduced CCR2 signaling show promising results, improving cognitive and
neurological function in addition to neuropathological features of tissue damage [68-70]. It
should be noted that CCR2 is expressed in multiple cell types recruited to the brain,
including monocytes, and to a lesser extent, dendritic and T cells [58]. As CCR2 inhibition
emerges as a therapeutic approach, the exact contribution of CCR2 signaling in each of these
cell types should be examined to determine the possibility of unwanted side effects of CCR2
reduction. Moreover, with future advancements in stem cell therapy, transplantation of
CXCR4* neural stem cells could become a viable therapeutic option. Alternatively,
approaches to activate resident CXCR4™* cells in situ need to be examined. Finally, there are
additional chemokines that have been consistently associated with TBI (CCL5 and
CXCL10) and the functional significance of their upregulation in TBI should be elucidated.

An advantage of targeting chemokines and their receptors is that chemokine receptors are
GPCRs that lend themselves to drug development. However, despite the involvement of
chemokine signaling in a variety of disease states, only two drugs targeting chemokine
receptors have reached the market [54]. A widely cited difficulty in targeting the chemokine
system is that many ligands bind to multiple receptors and vice versa (Figure 2A). This
apparent promiscuity largely vanishes when one considers that chemokine-receptor
signaling during tissue pathology is typically limited to one of a potential array of ligands.
Focusing on monogamous ligand-receptor pairs, such as the CX3CL1/CX3CR1, avoids even
this potential concern. Alternatively, in certain cases, it may be advantageous to use a broad-
spectrum chemokine inhibitor. For example, one such inhibitor (NR58-3.14.3) has been
shown to be protective in a mouse model of ischemia-reperfusion injury, reducing leukocyte
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infiltration and lesion volume up for 72 hr after reperfusion and improving functional
performance [85].

In summary, certain features of the chemokine system, such as temporal and spatial
regulation of chemokines and their receptors in TBI, provide targets for drug development.
Modulating chemokine signaling in TBI has the potential to result in therapeutic benefit by
preventing aspects of the secondary pathology initiated after the initial insult. Because of the
link between TBI and neurodegenerative disease risk, successful treatment of TBI can
potentially decrease the incidence of tragically debilitating and costly neurodegenerative
conditions.
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Box 1: Animal models of TBI

There are several established animal models of TBI that simulate human injury to
varying extents. Below are brief descriptions of models used in the studies that we
reference. For more information, see Xiong et al. [86] for a nice review of the most
commonly used models.

Stab injury

Stab injury is a type of penetrating injury that is delivered through a small craniotomy.
Fine scissors or a thin membrane are inserted a defined distance (1-5 mm) into the brain
parenchyma [87]. This type of injury was used for earlier studies of TBI in mice.

Weight drop/closed head injury (CHI)

There are several weight drop models developed by different groups that simulate CHI.
Although generally applied to the closed skull, some of these injuries are delivered
through a craniotomy, with the dura mater intact. Injury intensity is controlled by
adjusting the weight of the dropped object and the height from which it is dropped.
Depending on the exact model and injury intensity, CHI models induce concussions,
brain contusion, diffuse axonal injury, hemorrhage and other features of human TBI.
However, different weight drop models can have significant inter-animal variability.

Controlled cortical impact (CCI)

A piston driven by air pressure or electromagnetism impacts the head at a controlled
angle, velocity and depth. CCI is most often delivered through a craniotomy, but newer
variations of this model deliver an injury to the intact skull. Similar to CHI, CCl
simulates aspects of concussions, brain contusion, and hemorrhage seen in human TBI.
Unlike CHI, the injury is highly reproducible between animals.

Fluid percussion injury (FPI)

For FPI, rodents are connected through a craniotomy to a fluid-filled chamber with a
small opening; a swinging pendulum hits one end of the chamber to generate a water
pulse that impacts the exposed brain at the other end of the chamber. Depending on the
location of the craniotomy, the injury can be delivered to the side of the brain (lateral
FPI) or the midline (central FPI). Injury intensity is controlled by adjusting the height
from which the pendulum is dropped. Like CCI, FPI delivers reproducible injury that
mimics aspects of concussions, brain contusion, diffuse axonal injury and hemorrhage
seen in humans.

Utility of models

CCl and lateral FPI are commonly used to generate focal injuries. Central FPI or the
Marmarou weight drop models are most appropriate to simulate diffuse injuries.
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Box 2: Cellular response to TBI

The cellular response to TBI involves contributions from both brain-resident and
peripheral cells. Depending on the intensity of injury and whether it is penetrating or not,
the injury induces instantaneous death of the cells at the site of impact. In the surrounding
tissue, intracellular components spill out of damaged cells to serve as DAMPs to resident
and infiltrating immune cells, and cytokines and chemokines mediate cell-cell
interactions. There are also responses that are specific to each cell type.

Neurons that lie in the damaged tissue experience mechanical forces to their dendrites,
cell body and axon. Damage to the axon leads to it stretching, bending or shearing off.
This TBI-associated axonal injury can be seen even at sites away from the primary
injury, especially in the corpus callosum. Neurons are also damaged during the secondary
injury phase by excitotoxic compounds and inflammatory mediators present in the
extracellular space. Neurons are often identified in tissue sections as NeuN* cells.

Astrocytes surrounding the lesion area produce many of the inflammatory mediators
(cytokines and chemokines) that damage neurons, recruit peripheral cells and activate
microglia. Astrocytes are themselves activated by the presence of cell debris and
inflammatory mediators. Reactive astrocytes can be identified as GFAP* cells.

Microglia are brain-resident cells with hematopoietic origin. After injury, they try to
clear tissue debris by phagocytosis. They also secrete and respond to inflammatory
mediators. Microglial activation under inflammatory conditions is accompanied by a
morphological transformation from a ramified to an amoeboid morphology; amoeboid
microglia are morphologically indistinguishable from blood-derived macrophages.
Healthy microglia express the myeloid marker CD11b and low levels of CD45 and Ibal;
in flow cytometry experiments, they are CD11b*CD45/°WCX3CR1* cells. Activated
microglia increase the expression of Ibal, F4/80 and other phagocytic markers. In flow
cytometry, they remain CD11b*CD45!°%CX3CR1* cells.

Neutrophils are the first peripheral cell type to accumulate in the brain after injury. They
attempt to clear cell debris by phagocytosis, but also contribute to the ongoing damage by
releasing toxic mediators such as reactive oxygen species. They can be identified as
Ly6G™ cells. Myeloperoxidase, which is sometimes used as a marker for neutrophils, is
also present in other phagocytic cells such as macrophages.

Monocytes follow chemokine gradients to be recruited to the brain after TBI. Once in the
brain, they differentiate into macrophages, perform phagocytosis and secrete
inflammatory mediators. Morphologically, they resemble microglia-derived
macrophages. In the healthy body, monocytes are classified as “inflammatory”
CD11b*CD45hCCR2*Ly6CNi or “patrolling”CD11b*CD45MCX3CR1* monocytes, with
the CD11b"CD45MNCCR2*Ly6Ch subtype preferentially recruited after TBI. Monocyte-
derived macrophages that accumulate in the brain display upregulated F4/80 and Ibal
expression and reduced CCR2 expression. Activated monocytes can be separated from
activated microglia by flow cytometry as CD11b*CD45" and CD11b*CD45° cells,
respectively.
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Dendritic cells (DCs) and T cells enter the brain with approximately the same kinetics as
monocytes, but at much lower numbers. The functions they perform will depend on the
specific subpopulation of cells present. Dendritic cells are classified as conventional
(cDCs), which stimulate T cells, and plasmacytoid (pDCs), which secrete interferon-a.
Different subpopulations of T cells include T helper, T memory, T cytotoxic, Nature
Killer cells, and others, each with distinct function. The exact role of DCs and T cells in
TBI pathology has not been established.
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Figure 1. Inflammatory response to TBI
A. Time course of molecular and cellular mediators after TBI. Molecular mediators such as

danger-associated molecular patterns (DAMPSs), cytokines and chemokines are released
immediately after injury and peak within hours. They continue to be released at later time
points by the tissue damage and infiltrating cells. Neutrophil infiltration in the brain
parenchyma is maximal at 1 day post injury (dpi), while monocyte, T and dendritic cell
accumulation peaks at about 3 dpi. The inflammatory reaction is mostly resolved by 10 dpi.
The relative response for each cells type is normalized to the maximum cellular response. B-
E. Histological representation of the inflammatory reaction. B. Acute (minutes/hours)
inflammation at the site of tissue lesion. A focal injury is characterized by tissue damage and
secretion of DAMPs, cytokines and chemokines by the damaged cells. Neutrophils start to
accumulate in the subarachnoid space (SAS) and in blood vessels (parenchymal and pial) at
the injured area. C. At 1 dpi, DAMPs, cytokine and chemokine levels are reduced.
Neutrophils are found throughout the parenchyma. Monocytes are being recruited to the
damaged area, but most of them are still inside blood vessels. D. By 3 dpi, neutrophils are
almost undetectable and monocytes predominate at the site of lesion. Astrocytes and resident
microglia also assume an activated morphology. Amoeboid microglia are visually
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indistinguishable from monocyte-derived macrophages. Some T lymphocytes and dendritic
cells are also present in the parenchyma. E. By 10 dpi, the inflammatory reaction is mostly
resolved. Some activated astrocytes and macrophage-like cells can still be detected,
especially in deeper brain regions (not shown).
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Figure 2. Chemokines in the context of TBI
A. Chemokine receptor/chemokine signaling. There are four major chemokine families

(CCL, CXCL, CX3CL and XCL) that bind to four families of chemokine receptors (CCR,
CXCR, CX3CR and XCR). The figure shows the chemokine receptors and the ligands that
have been shown to activate them. Only typical chemokine receptors that activate G proteins
upon ligand binding are included. ™, present only in mice; ', present only in humans.
Chemokines in red are referenced in this review. B. General time course of chemokine and
chemokine receptor expression in TBI. Only chemokines and receptors discussed in this

Trends Pharmacol Sci. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Gyoneva and Ransohoff Page 22

review are included. The graphs show protein expression of each analyte, except for
CXCL10* and CX3CR1* (*, mRNA expression shown). The relative expression for each
chemokine/receptor is normalized to its own peak expression. Chemokine expression
generally precedes the expression of the receptor it signals through.
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Figure 3. CCR2 signaling in the turnover of cD11b*cD4shi monocytes
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Injured tissue

Monocytes produced in the bone marrow require CCR2 signaling — mostly activated by
CCL7 - to exit the bone marrow and enter the circulation. In the presence of tissue injury,
including brain injury, CD11b*CD45MNCCR2* monocytes are recruited to the damaged area.
Several chemokines, such as CCL2, CCL7, CCL8, CCL12 (mouse) and CCL13 (human) can
mediate monocyte extravasation. CCR2 deletion and antagonism inhibits both monocyte
egress out of the bone marrow and into tissues, while CCL2 deletion affects primarily

monocyte recruitment to the site of damage.
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