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Abstract Treatment options for managing traumatic brain
injury remain limited. Therapies that limit the development
of secondary brain injury—the delayed injury that can occur
days to weeks after initial presentation—would have a major
impact on outcomes and reduce the medical, social, and
economic burden of this devastating disease. A growing body
of evidence suggests that inflammation and activation of the
immune system is a central driver of secondary brain injury.
This article reviews the evidence for inflammation mediating
secondary injury after head trauma and outlines potential
approaches for immunomodulatory therapies after traumatic
brain injury.
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Introduction

Despite intense study and improvements in critical care, out-
comes after traumatic brain injury (TBI) continue to be poor
and difficult to predict. TBI remains the commonest cause of
death in individuals younger than 40 years in the developed
world, and in developing countries the incidence and societal
costs of TBI are rising [1]. Long-term complications including
epilepsy, dementia, and other neurocognitive disabilities such
as depression, impulsivity, and poor executive function result
in significant individual disabilities and societal costs for

survivors [2]. Novel therapies that limit the progression of
injury after head trauma are thus sorely needed.

Brain damage induced by traumatic injury occurs in dis-
tinct phases [2]. “Primary injury” refers to the initial damage
produced by external trauma such as hemorrhage from rup-
tured blood vessels, shearing of axons, and direct compression
of neurons and glia. Little can be done to treat primary injury
except for preventing the traumatic insult. A second, delayed
phase of damage, termed “secondary injury,” occurs hours to
days and even weeks after the initial event [2, 3]. Prevention
of secondary brain injury is a major focus of care in patients
admitted to the hospital with TBI. Current approaches for
limiting secondary injury focus on treating physiological and
metabolic derangements (such as hypotension, acidosis, hyp-
oxia, fever, intracranial hypertension, and seizures) that impair
brain tissue oxygenation and cerebral blood flow [3]. Such
measures, although undoubtedly important, fail to target im-
portant molecular signaling cascades that mediate secondary
damage.

Numerous lines of evidence suggest that immune system
activation and inflammation are central mediators of second-
ary injury after brain trauma. Targeted therapies that limit
inflammation thus hold great promise for improving mortality
and functional outcome after TBI. This review will outline
how the immune system is activated after TBI and discuss
novel strategies for inflammation-targeted therapy in TBI.
Finally, new experimental approaches and animal models that
hold promise in providing greater insight into the immune
responses that occur after brain injury will be discussed.

The Innate Immune Response After Infection and Sterile
Tissue Injury

The first line of defense against infections involves activation
of the innate immune system [4]. Myeloid-derived cells,
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including macrophages and dendritic cells, express unique
receptors known as pattern recognition receptors (PRRs) [5]
that recognize conserved molecular motifs expressed by broad
classes of infectious organisms. These motifs, known as
pathogen-associated molecular patterns (PAMPs), include
bacterial and fungal cell wall components, bacterial DNA,
and viral coat proteins. PRRs include the Toll-like receptors
(TLRs), C-type lectin receptors, NOD-like receptors (NLRs),
and retinoic acid inducible gene I like receptors [5]. Different
members of these PRR families localize to distinct cellular
compartments, such as the plasma membrane, endosome, and
cytoplasm, and recognize distinct classes of PAMPs. PRR
activation induces the transcription of inflammatory cyto-
kines, including tumor necrosis factor (TNF) α, interleukins
(such as IL-1β, IL-6, and IL-18), and interferons, which, by
altering gene expression in immune cells and recruiting leu-
kocytes to sites of infection, orchestrate a systemic inflamma-
tory response [5–7]. Some classes of PRRs work synergisti-
cally to upregulate cytokine production. For example, activa-
tion of TLR4 induces a signaling cascade that ultimately
activates the transcriptional regulator nuclear factor κB,
resulting in increased expression of pro-IL-1β and pro-IL-
18. These proproteins are, however, biologically inactive until
they are processed by the enzyme caspase 1. Coincident
activation of NLRs results in the assembly of a multimeric
complex composed of NLRs, caspase 1, and other adaptor
proteins known as the inflammasome [6, 7] that ultimately
cleave pro-IL-1β and pro-IL-18, activating these interleukins
for secretion. In addition to upregulating cytokine expression,
PRRs also induce the expression of co-stimulatory molecules
on the surface of macrophages and dendritic cells that activate
T and B lymphocytes, thus regulating clonal expansion and
the adaptive immune system [4, 5].

Once initiated by PRR activation, the inflammatory re-
sponse produces a characteristic pattern of tissue-level and
systemic changes, including fever, increased local blood flow,
and increased tissue permeability that help to promote leuko-
cyte infiltration and clearance of infection in affected tissues.
Although the inflammatory response is essential to contain
and eradicate infections, excess inflammation and immune
system activation causes collateral tissue damage that leads
to organ dysfunction. Inflammation-mediated tissue injury
occurs through a variety of mechanisms—including direct
injury from leukocytes and upregulation of the coagulation
cascade—and underlies the multiorgan failure that occurs with
severe infection and sepsis [8].

Remarkably, in addition to recognizing external microbial
pathogens, PRRs also recognize and respond to intracellular
molecules released by damaged or stressed cells within the
body. Termed “damage-associated molecular patterns”
(DAMPs) or “alarmins,” these molecules include nuclear
and cytoplasmic proteins, such as high mobility group box 1
(HMGB1), histones, S100B, and heat shock proteins, DNA,

and other small molecules released during cellular stress,
including reactive oxygen species, uric acid, and ATP [6, 9].
Although structurally distinct from microbe-associated mo-
lecular patterns, DAMPs and PAMPs share the important
characteristic that they are not found in the extracellular space
under normal conditions. Recognition of self-molecules re-
leased during tissue damage explains how inflammatory re-
sponses are amplified after infection, but also provides a
mechanism for immune system activation after sterile tissue
injury. Similarly to the inflammatory response after infection,
inflammation in response to noninfectious tissue injury has
both protective and deleterious effects; however, a growing
body of evidence supports the notion that limiting inflamma-
tion may improve outcomes in many disease states, including
autoimmune diseases, coronary artery disease, acute respira-
tory distress syndrome, sepsis, and multisystem trauma [9].

Immune Responses in the Brain

Because of highly regulated trafficking across the blood–brain
barrier (BBB), and since direct inoculation of the brain paren-
chyma with antigen fails to elicit a robust immune response,
the brain has traditionally been thought of as an “immune-
privileged” organ. In spite of its relative immune privilege,
however, robust trafficking of immune cells (especially mem-
ory T cells) occurs between the periphery and the central
nervous system (CNS) under normal circumstances across
the BBB and at the choroid plexus epithelium [blood–cere-
brospinal fluid (CSF) barrier] [10, 11]. CSF also drains direct-
ly into cervical lymph nodes, providing a pathway for egress
of antigens from the CNS to the periphery, where they can be
processed by antigen-presenting cells [12]. Although the brain
parenchyma lacks the traditional sentinel cells of the innate
immune system found in the periphery, a unique class of
myeloid-derived cells—microglia—provides crucial immune
surveillance and can initiate brain-specific inflammatory re-
sponses [13, 14].

Microglia make up about 10 % of the total brain volume,
and support multiple essential functions both under normal
conditions and after injury. At rest, microglia are highly ram-
ified cells whose processes continually sample the local mi-
croenvironment [15, 16]. Microglial processes make transient
contacts with synapses [17], and recent studies suggest they
the play important roles in synaptic pruning during develop-
ment [18] and activity-dependent synaptic plasticity and learn-
ing in adulthood [19•]. The resting phenotype is promoted by
“calming,” inhibitory signals released by neurons and astro-
cytes [13, 14]. After focal injury, DAMP release from injured
cells and a reduction in inhibitory signals from healthy cells
induce microglia to take on an “activated” phenotype. Acti-
vated microglia retract their fine processes and rapidly
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converge on sites of injury to promote inflammation and tissue
repair [14, 15].

Activated microglial cells acquire distinct phenotypes based
on the type, duration, and intensity of the activating stimulus.
The classic, macrophage-like phenotype, termed M1, has in-
creased transcription of nuclear factor κB, produces proinflam-
matory cytokines (including TNF-α, IL-1β, IL-6, and IL-23),
has the ability to phagocytose extracellular debris, and may play
a role in antigen presentation to circulating lymphocytes [14].
Other phenotypes, termed M2, may have more prominent roles
in tissue repair [14]. Most studies investigating phenotype
switching of activated microglia have used cell culture systems;
therefore, the relative importance and regulation of these phe-
notypes in vivo are not well understood. However, multiple lines
of evidence support a vital role for microglia in mediating brain-
specific inflammatory and immune responses.

Like macrophages and dendritic cells in the periphery,
microglia express PRRs, including TLR2, TLR4 [14], and
components of the NLRP3 inflammasome [20]. Activation
of these PRRs induces cytokine release in the brain, and these
cytokines induce multiple downstream effects, including
changes in cerebral blood flow and increases in BBB perme-
ability, and influx of peripheral leukocytes into the brain.
Microglia also express purinergic receptors [14, 15] and
NMDA-type glutamate receptors [21••]. Thus, in addition to
inducing inflammatory responses through PRR signaling,
microglial activation can occur through ATP and glutamate
released by damaged, depolarized neurons. Recent studies
implicate microglia-mediated inflammation in the pathogene-
sis of a wide variety of neurologic diseases, including neuro-
degenerative diseases such as Alzheimer’s disease and amyo-
trophic lateral sclerosis, neurodevelopmental disorders, ische-
mic and hemorrhagic stroke, and TBI [14]. Although microg-
lia are central in mediating brain inflammation, other CNS cell
types, including neurons and astrocytes, may also have im-
portant roles. These cell types express unique inflammasomes,
and may also interact with circulating lymphocytes [22]. The
regulation of immune signaling in the brain by neurons and
astrocytes is only beginning to be understood.

Evidence for Inflammation After TBI

Early rodent studies documented two distinct phases of BBB
disruption after experimental TBI: an initial phase occurring
immediately after head injury and persisting for about 24 h,
and a second, delayed, phase that peaks 3–5 days after the
event [23, 24]. Although early BBB disruption is likely largely
mechanical (e.g., from sheared blood vessels), the factors
responsible for the delayed BBB opening were unclear, but
coincided with the timing of secondary brain injury [25].
Studies in humans failed to show distinct phases of BBB
disruption; however, it is clear that there is prolonged BBB

dysfunction that can occur days to weeks [25–27] and even
months to years [28] after the primary event. It is now evident
that much of this prolonged BBB dysfunction is mediated by
inflammation and activation of the immune system.

Studies in both experimental animals and humans have
shown that isolated head injury produces the key features of
the inflammatory cascade outlined earlier, including DAMP
release, activation of PRRs, upregulation of cytokines, and
leukocyte infiltration. Brain tissue samples taken from animals
with experimental traumatic injury [29, 30] and humans [31]
show a robust inflammatory response with activated microglia
and infiltrating leukocytes (including neutrophils, B and T
lymphocytes, and mononuclear cells). In these studies, brain
tissue samples from humans taken several days after primary
injury show a greater degree of inflammation than samples
taken within 24 h of the traumatic insult, corresponding to the
timing of the secondary, delayed, increase in BBB permeabil-
ity that occurs in animal models of TBI.

What triggers the inflammatory response after TBI? Severe
TBI induces DAMP release into both the CSF and serum. A
recent study comparing 106 patients with severe TBI admitted
to a single institution with an equal number of age-matched
controls showed that plasma HMGB1 levels on admission
were markedly higher in TBI patients, and that serum
HMGB1 levels correlated with 1-year outcome [32]. HMGB1
levels are also elevated in the CSF after TBI [33•]. A nuclear
DNA-binding protein expressed in neurons and glial cells that
is involved under normal conditions in transcriptional control,
HMGB1 can be released passively after cell necrosis or ac-
tively from intact, but stressed, cells using a nonclassic mech-
anism involving the secretory lysosome. Once released, it can
bind to multiple PRRs, including TLR2 and TLR4 [34, 35].

Other recent studies showed that brain injury results in the
release of the astrocyte-specific proteins GFAP and S100B
into the bloodstream, ultimately leading to the development of
specific antibodies against these proteins in the serum [36,
37]. Anti-GFAP antibody production peaks 5–10 days after
initial injury, corresponding to the time course of secondary
injury development [37]. In animal models of TBI, DAMP
release after injury activates multiple classes of PRRs.
HMGB1 released in the brain after controlled cortical impact
(a validated animal model of focal contusion) inmice activates
TLR4, which subsequently upregulates aquaporin 4 expres-
sion, leading to increased cerebral edema [33•]. Another re-
cent study in rats showed marked increased expression of the
NLRP3 inflammasome after experimental focal contusion
[38]. Blocking PRR signaling reduces the development of
secondary brain injury after experimental TBI. Inhibiting
TLR2 and TLR4 activation reduces the development of sec-
ondary brain injury, since mutant mice lacking functional
TLR4 [33•] and transgenic mice lacking either TLR2 [39] or
TLR4 [40] show decreased lesion volume and secondary
apoptosis.
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Amultitude of studies in experimental animals and humans
show robust expression of cytokines and other immune mod-
ulators in the brain (from both CSF and brain interstitial fluid
taken from microdialysis samples) and the periphery (from
serum) after head trauma [41, 42]. CSF and microdialysate
samples likely reflect brain-specific cytokine production.
Consistent with their role as sentinel immune cells in the brain,
microglia are potent producers of multiple classes of cyto-
kines, such as IL-1 and TNF, and likely provide most of the
early wave of cytokine release that occurs within the first
hours to days after injury [14, 41]. Other CNS cell types,
including neurons and astrocytes, may also produce
immune-stimulating molecules; however, the timing and rel-
ative contribution of these cell types to the inflammatory
response is not clear. The source of cytokines measured in
the serum is more difficult to assess, and likely reflects a
combination of brain and peripheral production. Although
many of the expressed cytokines are proinflammatory (such
as TNF-α and IL1-β), some molecules likely have anti-
inflammatory effects (such as transforming growth factor β)
and may promote tissue repair (such as IL-6) [41]. Cytokine
function is context specific; thus, the same molecule can have
both proinflammatory and anti-inflammatory effects depend-
ing on its concentration, its pattern of release, and the overall
cellular milieu. For example, although IL-1β is largely
thought of as a proinflammatory molecule that worsens brain
injury, it can exert neuroprotective effects through upregula-
tion of astrocyte-derived nerve growth factor, depending on
the local availability of oxygen and glucose [41]. Similarly,
although transforming growth factor β is normally thought to
foster immunosuppression, in concert with IL-6 it drives
differentiation of the proinflammatory TH17 subset of CD4+

T lymphocytes [43]. At this point, the specific functions of
different cytokines in driving immune and inflammatory re-
sponses after TBI are not clear. Indeed, a particular cytokine
likely has multiple divergent functional roles depending on
when it is released after the initial traumatic event, other co-
released factors, and differences in the physiological micro-
environment that occur with different injury mechanisms
(such as diffuse axonal injury, focal contusion, and blast-
related injury).

Different cytokines have distinct temporal profiles of re-
lease from the brain after head injury. TNF-α, IL-1β, and IL-8
are released early (hours to 2 days) after the traumatic event,
reflecting their putative roles as inflammatory response initi-
ators [41]. Molecules involved in promoting leukocyte infil-
tration, such as the chemoattractant CCL5 (also known as
RANTES), and lymphocyte differentiation, such as IL-6, are
released later, and brain levels can stay elevated for up to
1 week after injury [41]. This is consistent with the known
delayed time course of leukocyte infiltration into the brain
after TBI, and also agrees with human studies showing ele-
vated CSF levels of soluble intercellular cell adhesion

molecule 1 (a protein required for lymphocyte translocation
across the BBB) persist for up to 10 days after severe TBI
[44].

Taken together, the studies described above suggest that
TBI induces a stereotyped pattern of inflammation in the brain
(Fig. 1). First, damaged or stressed (e.g., from prolonged
depolarization or energy failure) cells in the CNS release
DAMPs, which activate multiple classes of PRRs on
microglial cells (and possibly neurons and astrocytes as well).
PRR activation induces cytokine release, which initiates an
inflammatory cascade that results in disruption of the BBB,
microvascular dysfunction, cerebral edema, and leukocyte
infiltration that leads to worsening secondary brain injury.
Cytokines released early, such as TNF-α and IL-1β, most
likely serve as master initiators of the inflammatory response,
ultimately inducing the release of other immune-modulating
molecules from the brain and activating cells of the adaptive
immune system (B and T lymphocytes) that recognize epi-
topes fromDAMPs processed bymicroglia in the brain and by
professional antigen-presenting cells in the periphery. Further
study is needed to understand the fine details of the immune
response after sterile brain injury, such as the specific func-
tions of different classes of infiltrating leukocytes in promot-
ing secondary injury and tissue repair. This detailed knowl-
edge will hopefully result in therapies that limit the untoward
effects of inflammation while maximizing the potential for
repair and healing.

Immunotherapeutic Strategies

The vast body of knowledge documenting a robust inflamma-
tory response after TBI suggests that targeting the immune
system should limit the development of secondary brain inju-
ry. Unfortunately, no efficacious immunomodulatory or im-
munosuppressive treatments currently exist. Traditional im-
munosuppressive treatments, such as glucocorticoids, may
actually worsen outcome because of other side effects of these
medications [45, 46]. Despite this, multiple promising ave-
nues exist for the development of targeted immunomodulatory
therapies. Potential targets for intervention include (1)
blocking the delayed leukocyte infiltration into the brain, (2)
neutralizing proinflammatory cytokine activity, (3) inhibiting
microglial activation, (4) blocking PRR activation, and (5)
directly inhibiting the release and activity of DAMPs. Many
of these options are being actively investigated as potential
therapeutic strategies.

Although the efficacy of blocking leukocyte infiltration on
secondary injury prevention after TBI has not been rigorously
studied, therapeutic strategies used to treat other autoimmune
neurologic diseases such as multiple sclerosis may be effec-
tively co-opted as treatments for TBI. In particular,
natalizumab—which blocks T-cell entry across the BBB by
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inhibiting lymphocyte α4 integrin signaling [47–49]—may be
an effective inhibitor of secondary brain injury. A prior study
in rodents showed that experimental seizures (induced by
pilocarpine infusion) caused leukocyte infiltration into the
brain, and that a single infusion of a monoclonal antibody
against integrins, even after the initial seizure, reduced subse-
quent seizures and blocked epileptogenesis [50]. Thus, this
treatment may be particularly effective at reducing late com-
plications induced by immune-mediated neural circuit reorga-
nization such as epilepsy. The risk of developing progressive
multifocal leukoencephalopathy, a major adverse effect of
long-term natalizumab use caused by reactivation of latent
JC virus in the brain [51, 52], would likely be minimal with
the short time course of treatment required for TBI patients.
Fingolimod, an immunomodulating therapy used for multiple
sclerosis treatment that sequesters lymphocytes in lymph
nodes [53–55], may also prove useful in targeting inflamma-
tion after brain injury.

Blocking the activity of cytokines may be an effective way
of reducing inflammation after TBI. Targeted inhibitors of
both TNF-α and IL-1β are in current clinical use for treating
autoimmune diseases such as rheumatoid arthritis, Crohn’s

disease, and psoriasis, opening up the possibility for clinical
trials of these medications in TBI. A randomized phase II
clinical trial of one of these medications, a recombinant solu-
ble receptor antagonist of IL-1 (rIL-1ra, Anakinra), has just
recently been performed. Subcutaneously administered rIL-
1ra penetrated into the plasma and brain extracellular fluid,
and directly altered the cerebral cytokine profile measured
with microdialysis [56••]. The results of a larger randomized
controlled trial are eagerly awaited, since other recent studies
showed that administration of an IL-1β neutralizing antibody
(either by direct intracerebroventricular injection prior to ex-
perimental trauma [57] or intraperitoneally after primary inju-
ry [58]) can inhibit microglial activation, reduce the number of
infiltrating leukocytes, and improve cerebral edema and func-
tional outcome in rodents.

Blocking microglial activation directly is another attractive
option for targeted treatment of inflammation after TBI.
Minocycline, a widely used antibiotic related to tetracycline,
can inhibit microglial activation and limit inflammatory re-
sponses in the brain. Multiple studies show that minocycline
administration suppresses microglial activation, reduces cere-
bral edema and lesion volume, and suppresses caspase 1

Fig. 1 Pathways that initiate inflammatory responses after primary brain
injury. Direct trauma and various metabolic stressors that occur during
traumatic brain injury induce the release of damage-associated molecular
patterns (DAMP), or alarmins, from neurons and astrocytes. These in-
clude intracellular proteins such as high mobility group box 1 (HMGB1)
and S100B and small molecules such as adenosine triphosphate (ATP).
Abnormal excitation can also increase glutamate levels, which can also

induceN-methyl-D-aspartate (NMDA) receptor activation onmicroglial cells.
Microglia express pattern recognition receptors which recognize DAMPs,
and microglial activation in turn induces cytokine release, which upregulates
inflammation. On the right, potential targeted treatments are outlined. BBB
blood–brain barrier, CCL5 chemokine (C-C motif) ligand 5,HSP heat shock
protein, IL1β interleukin 1β, IL6 interleukin 6, P2Y metabotropic purinergic
receptor, TNFα tumor necrosis factor α, TLRToll-like receptor
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activation after experimental TBI in rodents [59–61].
Microglial inhibition seems to occur through the activation
of endocannabinoid receptors [62]. Given the long history of
its clinical use and its favorable safety profile, minocycline is
an appealing candidate drug that may be easily translatable
from the laboratory to clinical use.

Studies evaluating PRR inhibitors as medications for TBI
are lacking; however, several selective TLR inhibitors exist.
The clinical safety profile and ability to cross the BBB of these
medications has not been determined. Since DAMPs initiate
the inflammatory response after sterile injury, inhibiting the
biological activity of DAMPs could be an especially effective
way of treating inflammation after TBI. A recent study in
rodents gave an exciting proof of principle for this concept
[63••]. Administration of an anti-HMGB1 monoclonal anti-
body 5 min and 6 h after fluid percussion injury in rats
produced dramatic reductions in cytokine release, cerebral
edema, and lesion volume along with significant improve-
ments in motor function assessed by rotarod testing. Anti-
HMGB1 antibodies appear to block the release of HMGB1
from neurons, rather than neutralizing already released
HMGB1. Anti-HMGB1 antibody therapy also improves mor-
tality in animal models of severe sepsis [64], suggesting that
inhibiting DAMP function may be a general method for
limiting the deleterious effects of inflammation in a variety
of disparate disease states.

Future Directions

Recent studies using novel model organisms and sophisticated
imaging techniques continue to refine our knowledge of how
the immune system becomes activated after brain injury, and
these approaches will undoubtedly allow significant advances
in our understanding of brain-injury-triggered inflammation.

A recently developed Drosophila model of TBI is particu-
larly exciting, since this will allow the power of forward
genetic approaches to rapidly identify conserved genes that
are protective after TBI [65•]. Early results from these studies
show a clear upregulation of genes involved in the innate
immune system, further confirming the importance of im-
mune signaling pathways in TBI, and also show remarkable
differences in mortality in different genetic strains of fruit
flies. A recent study in rodents also demonstrated differences
in TBI-induced inflammation in different genetic strains [66].
It is likely that genetic background impacts injury progression
in humans as well, and studying different genetic factors in
patients that affect clinical outcome will allow personalization
of care after TBI.

Finally, new optical imaging techniques, particularly
in vivo multiphoton microscopy, are allowing investigators
to view the inflammatory response in brain tissue in real time
with extraordinary spatial resolution [15–17, 67••]. A recent

study documented the spatiotemporal dynamics of microglial
activation and neutrophil infiltration in live anesthetized mice
after a cranial compression injury [67••]. Application of the
reactive oxygen species scavenger glutathione to the surface
of the skull (which was thinned to produce mild TBI and
provide a window for imaging) after injury almost completely
abolished the inflammatory response. Such studies will allow
a detailed understanding of the molecular and cellular events
that occur during brain inflammatory responses that will un-
doubtedly provide new insights to allow the development of
novel therapies for this currently devastating disease.
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