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ARTICLE INFO ABSTRACT

Keywords: Traumatic brain injury (TBI) is the leading cause of death and disability in young adults in the developed world.
Traumatic brain injury The accuracy of early outcome-prediction remains poor even when all known prognostic factors are considered,
Neuroinflammation

suggesting important currently unidentified variables. In addition, whilst survival and neurological outcomes
have improved markedly with the utilisation of therapies that optimise physiology, no treatments specifically
modulate the underlying pathophysiology. The immunological response to TBI represents both a potential
contributor to outcome heterogeneity and a therapeutically tractable component of the acute disease process.
Furthermore, chronic inflammation has been linked with neurodegeneration, and may mark a bridge between
acute brain injury and the subsequent neurodegenerative process seen in a proportion of patients following TBI.
Given the complexity of the immune response and its varying functions ranging from repair of injury to by-
stander damage of healthy tissue, attempts at immunomodulatory intervention must necessarily be highly tar-
geted towards the maladaptive facets of the inflammatory process. In this review we aim to provide an integrated
description of the immunological processes triggered by TBI in both humans and animal models, in particular
considering the interplay between the innate immune system, danger-associated molecular patterns and loss of

Innate immune system
Adaptive immune system
Autoimmunity

self-tolerance leading to adaptive autoimmunity.

1. Introduction

Traumatic brain injury (TBI) is the leading cause of death and dis-
ability in young adults in the developed world (Jennett, 1996). The
initial primary injury causes direct mechanical damage to the brain
parenchyma by shearing, tearing and stretching forces. In consequence
of this insult, a cascade of metabolic, biochemical and inflammatory
changes are initiated, leading to secondary injury (Pearn et al., 2017).
Currently recognised prognostic factors account for only around 35% of
heterogeneity in outcome between individuals with TBI (Lingsma et al.,
2010), and it is likely that these processes of secondary injury con-
tribute to this variation in outcome. In addition, around one quarter of
people develop a progressive neurodegenerative syndrome after TBI
(Hammond et al., 2004; Himanen et al., 2006; Millis et al., 2001; Ruff
et al,, 1991; Till et al., 2008; Whitnall, 2006). The underlying me-
chanisms are again unknown, but two main hypotheses have been
proposed: either TBI establishes a neurodegenerative proteinopathy
(Washington et al., 2016), or it triggers detrimental neuroinflammation.
Increasingly the field of neurodegeneration is recognising the im-
portance of inflammation in proteinopathies, and thus the two pre-
vailing paradigms may be inherently intertwined.
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Whilst the presence of substantial inflammatory response after a
brain injury is expected; the clinical and biological consequences of this
are, however, far from certain. The inflammatory reaction represents an
important beneficial mechanism for clearing pathological debris and
effecting repair (Neumann et al., 2008; Nielsen et al., 2009), but con-
versely may also contribute to neuronal damage (Hailer, 2008). Human
studies demonstrate an association between late microglial activation
after a single TBI, white matter degradation and worse cognitive out-
comes, but a causal link cannot be drawn (Johnson et al., 2013;
Ramlackhansingh et al., 2011; Scott et al., 2015).

The innate immune system provides the initial response to injury,
but soon recruits and activate cells from the adaptive immune system
by releasing chemokines, inducing adhesion molecules on the blood
brain barrier (BBB) and expressing co-stimulatory molecules on mi-
croglia (Amor et al., 2010; Olson and Miller, 2004; Wong et al., 1999).
The dynamics of the local cellular reaction are displayed in pathological
specimens, which reveal an initial migration of neutrophils into injured
brain regions, followed later by a more heterogenous infiltrate (Clausen
et al., 2007; Holmin et al., 1998, 1995; Xu et al., 2016). Further
proximate processes, such as the mechanotransductive alterations of
cell adhesion molecules, and the release of neurogenic inflammatory
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compounds such as Substance P compound the “classical” inflammatory
reaction (Hemphill et al., 2015; Vink et al., 2017).

In addition to this local response, TBI releases cerebral antigens into
the peripheral circulation, lymph nodes via glymphatics (a perivascular
system of waste clearance channels) (Mondello et al., 2017; Plog et al.,
2015) and perhaps also by meningeal lymphatic vessels (Absinta et al.,
2017), where they encounter naive immune cells and trigger adaptive
autoreactivity (Cox et al., 2006; Harling-Berg et al., 1989). Such injury-
related immune responses are particularly relevant to the brain, which
is still thought to display relative immune-privilege in adults (Erickson
and Banks, 2018), increasing the risk that antigens may not be fully
recognised as self. Tissue injury is known to induce harmful auto-
immunity, with notable examples in post-myocardial infarction peri-
carditis, or sympathetic ophthalmia, a granulomatous process in the
contralateral uvea precipitated by optical trauma, which in severe cases
can involve the retina, or even meninges (Jr et al., 2017). Conversely, in
animal models of spinal cord and optic nerve injury, one research group
has suggested that autoreactivity associates with attenuated secondary
degeneration and improved outcome (Hauben et al., 2000; Moalem
et al., 1999), raising the possibility for a protective function of auto-
immunity.

In this review we aim to provide an integrated description of the
immune responses to TBI across the innate and adaptive systems in both
the acute and chronic setting.

2. Danger-associated molecular patterns and the inflammasome

The inflammatory response to TBI starts at the point of injury, with
tissue damage leading to the release of danger-associated molecular
patterns (DAMPs) such as high mobility group box-1 (HMGB1), ATP,
heat-shock and S100 proteins (Braun et al., 2017). Circulating DAMPs
are bound by Pattern Recognition Receptors (PRRs) such as Toll-like
receptors (TLR) on myeloid and dendritic cells, and receptors of ad-
vanced glycosylation end-products (RAGE). Ligand recognition by these
PRRs triggers the production of proinflammatory cytokines either
through direct intracellular signal transduction, or by oligomerisation
to form inflammasomes (notably NLRP1 and NLRP3). Inflammasomes
are cytosolic multiprotein platforms, predominantly expressed in the
central nervous system (CNS) by astrocytes, microglia and macro-
phages, that enable the cleavage and activation of pro- inflammatory
caspases, which in turn activate cytokines such as IL-1( or IL-18
(Mortezaee et al., 2018). DAMPS bear the ability to initiate adaptive
autoimmunity via the direct maturation of steady-state immature
dendritic cells (DCs) into immunostimulatory DCs, with subsequent
presentation of self-antigens to, and stimulation of, naive T-cells (Land,
2015).

High levels of HMGB1 and other DAMPs such as S100b appear to be
associated with poor outcome following TBI in humans (Wang et al.,
2012; Thelin et al., 2013), and intervening therapeutically to reduce
their influence is a feasible prospect. Blockade or knockout of the ATP-
binding receptor P2X7 (a DAMP with potent NLRP3 activating prop-
erties) reduces cerebral oedema, lesion volume and expression of IL-1f
in peri-lesional cortex both 12 and 24 hours post-injury, as well as
neurobehavioural outcome in a murine model (Kimbler et al., 2012).
Similarly, inhibition or knockout of TLR-4, a key microglial receptor for
HMGB], reduces cerebral oedema and cortical IL-6 production in mice
(Laird et al., 2014), a finding corroborated by the anti-oedema effect of
administering anti-HMGB1 monoclonal antibody to rats with TBI
(Okuma et al., 2012). Assessment of this pathway further downstream
yields similar results, with upregulation of the NLRP3 inflammasome
(as measured by ELISA) associating with poor outcomes in humans
(Wallisch et al., 2017). Targeting this cascade also appears to have
beneficial effects in animal studies, with NLRP3 knock-out mice de-
monstrating preservation of cognitive function after TBI compared to
wild-type mice, with less histological brain damage and lower levels of
caspase-1 and subsequently IL-1f3 in brain lysate (Irrera et al., 2017).
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3. Cytokines

The predominant consequence of tissue injury, DAMP release and
inflammasome activation is a marked increase in synthesis of pro-in-
flammatory cytokines such as IL-13, IL-6, IL-18 (a requisite co-activator
for IFNy production) and TNFa, accompanied by a counter-regulatory
rise in levels of anti-inflammatory cytokines including IL-10 (Helmy
et al.,, 2011b). It should be noted here that whilst allocating an in-
dividual cytokine to either a pro- or anti-inflammatory group provides a
useful shorthand to appreciate its role in a broad sense, relying entirely
on such classification misses the more complex and nuanced functions
of such molecules. For example, IL-10, considered as an archetypal
“anti-inflammatory” cytokine due to its suppressive effect on the Thl
axis, is a potent driver of B-cell activation, maturation and antibody
synthesis, and can subsequently drive detrimental inflammation via B-
cell mediated pathways (Tian et al., 2014).

In addition to the above responses, glial and neuronal damage leads
to the production of a raft of chemokines such as IL-8, MCP1 and CCL5
(Helmy et al., 2011a), which serve to attract and activate both per-
ipherally-derived and CNS-resident immune cells to the area, notably
neutrophils, microglia and T-cells.

The repeated demonstration of prominent pro-inflammatory cyto-
kine responses, with a “dose-dependent” relationship to poor outcome
(reviewed comprehensively in articles by Woodcock and Helmy (Helmy
et al., 2011b; Woodcock and Morganti-Kossmann, 2013)), as well as
suggestions from genetic studies that polymorphisms in cytokine genes
(IL-1p and TNF a) affect outcome (Uzan et al., 2005; Waters et al.,
2013), led to the postulation that an excess of these mediators may
contribute to secondary injury following TBI. Whilst in isolation II-1f3
does not appear to cause direct neuronal death (in culture models),
under certain circumstances (notably when neurons are co-cultured
with glial cells, particularly in the presence of other pro-inflammatory
cytokines such as TNFa (Chao et al., 1995; Dunn et al., 2002)) IL-13
induces neuronal death, presumably in part via its actions on glia as
effector cells, which aside from their direct toxic effect from reactive
oxygen and nitrogen species production, trigger a positive feedback
loop of IFNy and TNF-a production, subsequent “classical” microglial
activation (Hu et al., 2015; Sica and Mantovani, 2012), and finally
neuronal phagocytosis by microglia (Neniskyte et al.,, 2014). Ad-
ditionally, IL-1f increases local expression of adhesion molecules cat-
alysing ingress of leukocytes from the vasculature (Allan et al., 2005),
the impact of which is discussed below.

With this in mind, reduction of the influence of IL-1f using either its
natural inhibitor IL-1 receptor antagonist (IL-1ra) or neutralising anti-
IL-1 antibodies has been employed in murine TBI models with de-
monstrable benefit reported in oedema, contusion volume, neurode-
generation, cognitive deficits and overall neurological recovery
(Clausen et al., 2011, 2009; Sanderson et al., 1999; Tehranian et al.,
2002; Toulmond and Rothwell, 1995). This improvement was accom-
panied histologically by a reduction in neutrophil and activated T-cell
ingress, as well as an attenuation of microglial activation (Clausen
et al., 2009). Recombinant IL-1ra has since been subjected to a human
phase II randomised controlled trial in TBI, demonstrating safety, CNS
penetration and modification of the cytokine milieu within brain ex-
tracellular space; the study was not powered to show a therapeutic
benefit, and thus these data were not reported (Helmy et al., 2014).

Similarly, attempts have been made to target TNFa, a cytokine
which serves similar and complementary effects to IL-1f3 in acute in-
flammation, in particular the upregulation of adhesion molecules and
increased vascular permeability which facilitates leukocyte diapedesis
into the injured area (Bradley, 2008). TNFa knockout mice subjected to
controlled cortical impact had improved motor and cognitive perfor-
mance, smaller lesion size and more benign histological appearances
compared to wild-type mice; this protective phenotype was reversed
when recombinant TNFa was administered prior to injury (Bermpohl
et al.,, 2007; Khuman et al.,, 2011). Concordant improvements in
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Fig. 1. Timeline of inflammatory response to TBI. Initial CNS antigen and DAMP release is rapidly followed by inflammasome activation and cytokine/chemokine
release, which attracts and activates immune cells. This cellular infiltration initially consists solely of innate immune cells, but is joined by adaptive leukocytes within
days. Whilst this response largely wanes, a proportion of patients display a persistent immune dyscrasia, with microglial activation, cytokine dysregulation and

ongoing autoantibody production.

outcome have further been described in a rat model following the ad-
ministration of monoclonal antibodies to TNFa (Chio et al., 2010).
However, the literature does display incongruity, perhaps reflecting the
complexity of the roles of individual cytokines, with other studies de-
scribing a protracted recovery despite initial neuroprotection in TNFa
knockout mice (Scherbel et al., 1999), exacerbation of cortical damage
and blood-brain barrier disruption in TNF receptor knockout mice
(Sullivan et al., 1999) and improved motor and histological outcomes
following treatment with inhibitors of TNFa (Shohami et al., 1997,
1996), although note should be made of the non-specific nature of the
later therapies compared with monoclonal antibody treatment. Trans-
lation from rodent studies into humans has as yet been unrewarding,
with a negative phase III trial of dexanabinol, a drug with, but not
limited to, TNF inhibition properties (Maas et al., 2006). It should be
borne in mind that TNFa's pleiotropic functions in inflammation (in-
cluding control of cell proliferation, differentiation, and apoptosis) are
mediated by interactions with two, functionally distinct and often op-
posing, TNF receptors (TNFR1 and TNFR2), and thus global blockade of
TNFa may be misguided. Data show that after TBI, TNFa may ex-
acerbate neurobehavioral deficits and tissue damage selectively via
TNFR1, whose inhibition may represent a specific therapeutic target
after TBI (Longhi et al., 2013).

In notable contrast to the replicable association between IL-13 and
TNFa with poor outcome in both human and animal studies, IL-6, an-
other prototypic “pro-inflammatory” cytokine appears to have pre-
dominantly neuroprotective effects in animal models (Penkowa et al.,
2000, 2003), but associates variably with outcomes following TBI
(Chiaretti et al., 2005; Kumar et al., 2015a, 2015b; Kushi et al., 2003;
Singhal et al., 2002). Whilst this is likely to be the result of experi-
mental variation (notably the “clean” model of selective I1-6 deficiency
in a controlled cortical impact model versus the real-life situation of TBI
with multiple co-morbidities including infection etc.), it is possible that
it speaks of the complexity of function of certain cytokines. Whilst
nominally a pro-inflammatory cytokine, IL-6 drives the move from
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early neutrophil ingress in inflammation to monocyte and lymphocyte
infiltration by suppressing neutrophil attracting chemokines (CXCL1,
CXCL8/IL-8), upregulating neutrophil apoptosis and enhancing mono-
cyte/microglia (CCL2/MCP-1, CCL8/MCP-2, CXCL5/ENA-78, CXCL6/
GCP-2) and lymphocyte (CCL5, CCL17, and CXCL10) attracting che-
mokines. In addition, it influences lymphocyte maturation, skewing T-
helper cells towards Th2 and Th17 phenotype, and inhibiting Treg
differentiation, whilst also enhancing IgG production from B-cells
(Scheller et al., 2011).

The issue of extrapolating from biomarker to physiological role is
further highlighted by the quintessential anti-inflammatory cytokine IL-
10, where murine studies using IL-10 knockout strains or exogenously
administered IL-10 suggest a beneficial role in the context of TBI (Chen
et al., 2014a; Knoblach and Faden, 1998), yet observational clinical
studies point towards high IL-10 associating with poor outcome (Bell
et al., 1997; Kirchhoff et al., 2008; Shiozaki et al., 2005; Soares et al.,
2012). A simple explanation for this relationship would be that the
observed increases in IL-10 are homeostatic responses to a heightened
inflammatory process; IL-10 downregulates synthesis of proin-
flammatory cytokines such as IFNy and TNFa, inhibits effector func-
tions of Thl and activated CD8+ T-cells, supresses monocyte/macro-
phage and microglia activity (partly via repression of both constitutive
and interferon-y induced MHC class II expression) and induces differ-
entiation of regulatory T-cells (Groux and Cottrez, 2003; Lobo-Silva
et al., 2016; Mannino et al., 2015). However, to reduce the function of
IL-10 to the above would be to ignore its pivotal role in driving anti-
body responses (Tian et al., 2014), and to underestimate the complexity
of the network-effects of cytokine modulation; indeed therapeutic use
of IL-10 in autoimmune diseases has been largely unrewarding (Saxena
et al., 2015).
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4. Cellular response
4.1. Neutrophils

Within hours of TBI, a marked ingress of neutrophils is demon-
strable within injured tissue (Clark et al., 1994; Holmin et al., 1995;
Soares et al., 1995), a finding compatible with the demonstration of
early local production of the major neutrophil chemokine IL-8 in cer-
ebral microdialysate (Helmy et al., 2011a). The IL-8 chemotactic gra-
dient is complemented by an upregulation of vascular endothelium cell
adhesion molecules such as E-selectin and Intercellular Adhesion Mo-
lecule 1 (ICAM-1), facilitating passage of neutrophils into injured par-
enchyma (Carlos et al., 1997). This neutrophilic predominance peaks by
day 2, where upon numbers decline and a more diverse infiltrate of
monocyte-derived macrophages, T lymphocytes and natural killer cells
(Holmin et al., 1998, 1995) as well as activation of resident CNS mi-
croglia (Engel et al., 2000; Wang et al., 2013) (Fig. 1).

Whilst neutrophil invasion of injured tissue may have beneficial
aspects such as removal of cell debris (Kolaczkowska and Kubes, 2013),
the potential for compounding damage is well described, both through
the direct toxic effects on neurons of matrix metalloproteinases, re-
active oxygen species (ROS) and TNF-a (Dinkel et al., 2004; Nguyen
et al., 2007) as well as an increase of vascular permeability which re-
sults in oedema and subsequent cellular metabolic stress (Lindbom,
2003; Schoettle et al., 1990). In an attempt to ameliorate these detri-
mental consequences, therapeutic neutrophil depletion has been
trialled in animal models, with neutrophil-depleted mice demonstrating
reduced oedema and brain tissue loss compared to immunocompetent
mice (Kenne et al., 2012). Additionally the neutrophil-depleted mice
showed reduced microglial activation, suggesting that intervening early
in the inflammatory cascade may halt downstream processes. Manip-
ulating neutrophil infiltration or function, using CXCR2 or neutrophil
elastase knockout mice, supported this result, demonstrating reduced
cell death in both knockout strains, but with little benefit in functional
outcome (Semple et al., 2015, 2010). Inhibition of neutrophil and
macrophage diapedesis into injured brain using an anti-CD11d mono-
clonal antibody which blocks the interaction between the CD11d/CD18
integrin and vascular cell adhesion molecule (VCAM)-1 did however
show a benefit in neurological outcome in rats (Bao et al., 2012).

4.2. Microglia and astrocytes

Microglia represent the brain's resident immune cell, and make up
between 5-20% glial cells (Kawabori and Yenari, 2015). In health,
microglia play a wide and vital homeostatic role, including the sur-
veillance of their territory for evidence of minor tissue damage or im-
pairment in functional integrity, and phagocytosis of debris. in this
housekeeper role, they constantly survey the microenvironment and are
characterised morphologically by a ramified appearance, with motile,
searching arborisations and processes (Hanisch and Kettenmann,
2007). In response to TLR binding of DAMPs released following frank
CNS injury, microglia readily activate and undergo a morphological
shift from ramified to amoeboid state (with enlarged soma and re-
tracted processes), which renders them almost identical to peripherally-
derived macrophages (Saijo and Glass, 2011). The environment in
which activation occurs (namely the local Th1/Th2 cytokine balance)
polarises microglia along a spectrum between a “classically-activated”
M1-like phenotype, characterised by ROS release, pro-inflammatory
cytokine (IL-1 B, TNF a) production, and Th1/Th17 lymphocyte acti-
vation via MHC-II expression and cytokine secretion (IL-12, TGF (), to
an “alternatively-activated” M2-like phenotype capable of IL-10 pro-
duction, Th2 cell recruitment, tissue repair and growth stimulation
(Saijo and Glass, 2011; Sica and Mantovani, 2012). Traditionally seen
as an immutable commitment to a particular phenotype, such “polar-
ization” is now recognised as a malleable activation phenotype. Indeed
microglia can move from one point of the spectrum to another, even
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attaining a “mixed” phenotype (Morganti et al., 2016).

Activation of microglia is demonstrable in human TBI soon after the
initial neutrophil response begins to wane (Engel et al., 2000), and in
mouse models, there appears to be intense microglia/macrophage ac-
tivation as early as 24 hours post-injury (Zanier et al., 2015). Some
reports suggest an M2-like predominance by 1 week post-injury,
shifting to an M1-like pattern in a second peak 1 month post-injury;
however, despite this apparent skew in phenotype, it should be noted
that the majority of activated microglia show mixed characteristics (Jin
et al., 2012; Morganti et al., 2016; Turtzo et al., 2014; Wang et al.,
2013). In addition to this activation of local microglia, peripherally-
derived monocytes/macrophages invade the injured tissue and, whilst
experiencing only minor morphological changes on activation, undergo
a similar complex differentiation along the M1/M2 spectrum (Hsieh
et al., 2013; Kim et al., 2016), with the respective functional con-
sequences. In addition to such post-migration phenotypic differentia-
tion, the impact of these cells may also be dictated by pre-recruitment
phenotype, with atypical CX3CR1-expressing monocytes, perhaps
playing a more prominent role in secondary injury, as they migrate
towards cognate ligands produced by damaged neurons (Makinde et al.,
2017).

As previously alluded to, pro-inflammatory cytokines and ROS have
the potential to cause direct neuronal damage, and this fact is again
borne out in the setting of “classically-activated” microglia, which ap-
pear to propagate a self-perpetuating pro-inflammatory environment
with resultant progressive brain injury (Block et al., 2007; Loane et al.,
2014; Wang et al., 2013). This has led to attempts to manipulate both
microglial activation and monocyte/macrophage invasion. Microglial
depletion was successfully achieved by using either valganciclovir
treatment in CD11b thymidine kinase mice, or CD11b diphtheria toxin
receptor mice, but did not attenuate injury in either model (Bennett and
Brody, 2014; Frieler et al., 2015). Conversely, inhibition of recruitment
of monocyte/macrophages by targeting the chemokine receptor CCR2
achieved not only reduction of recruitment of peripheral macrophages
to the brain following TBI, but also improved neurological outcomes
(Hsieh et al., 2014; Morganti et al., 2015). The encouraging impact on
early outcome may, however, be tempered by a predisposition towards
subsequent tauopathy (Gyoneva et al., 2015), highlighting the need to
carefully balance the potentially detrimental effects of acute in-
flammation with the important housekeeping role macrophages may
play following injury. This dualism is further demonstrated in studies in
mice models of mild (Febinger et al., 2015) and severe (Zanier et al.,
2016) TBI, that consistently showed a time-dependent role for CX3CL1/
CX3CR1 signaling that modulates microglial/macrophages activation
and phenotype. CX3CR1 KO mice showed a significant reduction of
sensorimotor deficits and lower cellular damage in the injured cortex
within the first week after TBI. At 1 month post-TBI however, they
showed a worsening of functional deficits and increased cell death
compared to WT mice. These effects were associated with changes in
microglia phenotypes, with CX3CR1 KO mice showing a predominant
anti-inflammatory M2-like microglial/macrophages response in the
acute phase and a more pronounced M1-like phenotype at 1 month.
Inhibition of microglial activation, particularly of those with an M1-like
phenotype, has been well described using the antibiotic minocycline
(Adembri et al., 2014; Chen et al.,, 2014a, 2014b; Kobayashi et al.,
2013), and again has been associated with improved early outcomes in
animals (Homsi et al., 2010), but once more with the threat of late
neurodegeneration, this time demonstrated in humans treated at least 6
months post-injury (Scott et al., 2018).

Whilst the contribution of astrocytes to neuroinflammation is less
well defined than that of microglia, it is apparent that they are not only
involved, but once more display a complex spectrum of phenotype with
roles in both tissue damage and repair (Colombo and Farina, 2016). A
controlled cortical impact (CCI) model, using glial fibrillary acidic
protein-herpes simplex virus-thymidine kinase transgenic (GFAP-TK)
mice treated with ganciclovir (which ablates their proliferating reactive
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astrocytes), demonstrated that those mice who underwent ablation of
reactive astrocytes demonstrated substantial neuronal loss and increase
in microglial activation compared to control mice following moderate
(but not severe) CCI, suggesting a largely protective function in this
setting (Myer et al., 2006). It is worth noting at this point that the
Positron-Emission Tomography (PET) ligand translocator protein 18
kDa (TSPO), used as a marker of microglial activation, also binds to
activated astrocytes and thus confidently disentangling these two pro-
cesses is not currently possible in vivo (Lavisse et al., 2012).

4.3. T-Lymphocytes

Recruitment of T-cells into traumatically injured brain appears to
occur contemporaneously with monocyte/macrophages (Drel3ler et al.,
2007; Holmin et al., 1998, 1995), through the upregulation of cell
adhesion molecules and local production of chemokines such as CCL5
(RANTES)(Carlos et al., 1997; Helmy et al., 2011a), and represents the
engagement of the adaptive immune system. Whilst there is a sugges-
tion that the earliest T-cell populations recruited may be IL-17 produ-
cing y8 T-cells (Gelderblom et al., 2014) (an intermediary between
innate and adaptive immunity, activated by either major histo-
compatibility complex (MHC)-related or unrelated T-cell receptor
(TCR) ligands), the majority are af T-cells. These aff T-cells require
TCR-antigen engagement alongside co-stimulatory receptor binding
and stimulation of relevant cytokine receptors such as IL2 for activa-
tion, suggesting autoreactivity to self-CNS antigens. In health, the
presence of cerebral antigens in the blood is negligible; trauma, how-
ever, leads to a massive release of CNS proteins both directly into the
circulation and to the cervical lymph nodes via the glymphatic and
meningeal lymphatic systems, where they may be phagocytosed by
professional antigen-presenting cells, with the subsequent production of
self-reactive T-cells (particularly in the company of DAMPs) (Land,
2015; Mondello et al., 2017; Plog et al., 2015). Once activated, T-cells
express necessary surface molecules to cross the BBB, a mechanism
which, in addition to chemokine production, is upregulated in the
context of inflammation and microglial activation, significantly in-
creasing T-cell ingress (Engelhardt and Ransohoff, 2005). Furthermore,
antigen-specific CD8 + T-cells have been demonstrated to migrate into
the CNS and co-localise to their cognate antigen (Ling, 2006).

Whilst CNS autoreactive T-cells are typically considered harmful
given their involvement in autoimmune diseases such as multiple
sclerosis (Fletcher et al., 2010), their role following CNS injury is less
clear, with the literature diametrically split between autoreactivity re-
sulting in a destructive process, or in “protective autoimmunity”. The
concept of protective autoimmunity, largely promoted by one group,
was first demonstrated by the attenuation of secondary degeneration of
retinal ganglion cells following optic nerve crush injury in rats with the
passive transfer of activated myelin basic protein (MBP)-reactive T cells
(Moalem et al., 1999). Subsequent experiments using active im-
munisation with myelin products such as MBP or myelin oligoden-
drocyte glycoprotein (MOG) in diverse models of CNS injury including
spinal cord and traumatic brain injuries supported the protective effect
(Hauben et al., 2001, 2000; Hofstetter et al., 2003; Kipnis et al., 2001),
as did pre-exposure to spinal cord injury prior to optic nerve crush
injury (Yoles et al., 2001). The putative mechanism behind protective
autoimmunity is the production of neurotropic factors by autoreactive
lymphocytes (Schwartz, 2001).

Other groups, however, have demonstrated that the presence of
MBP-reactive T-lymphocytes exacerbates neuropathology after CNS
injury with corresponding impairment in function (Jones et al., 2002,
2004; Jones, 2014; Fee et al., 2003). Therapeutic use of fingolimod, a
sphingosine-1-phosphate receptor modulator which inhibits lympho-
cyte egress from lymphoid tissue, decreased T and NK cell infiltration
and increased Treg numbers (believed to be neuroprotective in TBI) (Li
et al., 2015), with an additional beneficial impact on microglial acti-
vation patterns, axonal damage and neurological function in mice (Gao
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et al.,, 2016). In human TBI, however, only a single small study has
assessed the impact of autoreactive T-cells, and favours the concept of
protective autoimmunity (Cox et al., 2006).

Further mechanistic experiments exploring protective auto-
immunity suggest that T-cell mediated neuroprotection is dominated by
IL4 producing Th2 lymphocytes, and may well in fact be independent
from MHC-II (i.e. antigen specific) signalling (Walsh et al., 2015).
Conversely, M1 polarisation of infiltrated macrophages drives CD4 +
cells down a Th1/Th17 route, and inhibits Treg production following
TBI (Kirchhoff et al., 2008). Th17 lymphocytes themselves also stimu-
late M1-like microglial activation, pointing to the ability of pro-in-
flammatory states to self-perpetuate within the CNS (Murphy et al.,
2010). It is likely therefore, that differing T-lymphocyte populations
may variably exact detrimental or beneficial sequelae.

5. B-cells and autoantibodies
5.1. Detection of autoantibodies following TBI

By seven days post-injury, patients with TBI exhibit a high fre-
quency of activated B-cells characterised by an increased proportion of
memory (CD27+) and class-switched memory (CD27+ IgD-), sug-
gesting germinal center (GC) reactions in the course of T cell-dependent
immune responses (Chenouard et al., 2015). A key function of B-cell
activation is the production of antibodies, and the role of auto-
antibodies in TBI has been questioned for over 40 years (Prochazka
et al., 1971; Shamrel, 1969), with early demonstrations of antibodies to
brain antigens in both blood and cerebrospinal fluid (CSF) correlating
in titre with injury severity (Detlav, 1976; Livshits and Shakarova,
1975). The details of the techniques used in these early experiments are
now largely unavailable, although one study utilises the Hoigné method
(Detlav, 1976), a procedure involving a highly sensitive nephelometer
to measure optical density of serum as the antigen of study is added in
increasing quantities. The first specifically identified antigenic target
was MBP, a key component of myelin (Lisianyl et al., 1987). This
finding was replicated many years later(Ngankam et al., 2011); un-
fortunately the methodological details for both these studies are also
inaccessible.

Since this point, autoantibodies to a variety of cerebral proteins
have been described in humans following TBI, including cytoskeletal
structures and neurotransmitter receptors (Fig. 2; Table 1). Antibodies
to the calcium-binding protein S100-b, a neurobiochemical marker of
glial activation or death, are seen in both repeated mild TBI as well as
single major TBI when measured by ELISA (Bazarian et al., 2014;
Marchi et al., 2013; Morozov et al., 1996). Glial-fibrillary acidic protein
(GFAP), an intermediate filament protein localising to astrocytes, GFAP
breakdown products (GFAP-BDP) and the neuronal cytoskeleton com-
ponent f tubulin 3 have been identified by western blot and ELISA
respectively as antibody targets following severe TBI (Skoda et al.,
2006; Zhang et al., 2014). Aside from these structural proteins, auto-
antibodies to neurotransmitter receptor targets including glutamate
receptors of both the NMDA (NR»A subunit) and AMPA (GluR; subunit)
types (Goryunova et al., 2007; Sorokina et al., 2009), and the acet-
ylcholine receptor (a-7 subunit) have been detected by ELISA (Sorokina
et al., 2011). In addition to the above neuronal and glial targets, anti-
bodies against the hypothalamic-pituitary axis (Tanriverdi et al., 2010,
2008), as well as to ubiquitously expressed proteins such as phospho-
lipids, tissue transglutaminase and nuclear antigens have been de-
monstrated using indirect immunofluorescence and ELISA (Lopez-
Escribano et al., 2002).

Whilst these studies have attempted to identify specific antigenic
targets, the western blot experiments suggest that there is a likely to be
a polyantigenic response following TBI (Zhang et al., 2014). The tem-
poral pattern of immunoglobulin production is typical of inoculation,
with an initial short-lived IgM response followed by more protracted
IgG synthesis (Skoda et al., 2006; Zhang et al., 2014). Importantly, the
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Fig. 2. Described CNS antibody targets following TBI (AChR = Acetylcholine
Receptor, GluR = Glutmate Receptor, MBP = Myelin Basic Protein,
PRDX6 = Peroxiredoxin 6, TUBB3 = Tubulin Beta Class 3, GFAP = Glial
Fibrillary Acidic Protein). Autoantibodies have been described to numerous
CNS antigens following TBI, including neurotransmitter receptors, myelin
proteins and cytoskeletal components.

IgG response is seen to persist years after the injury (Tanriverdi et al.,
2008; Wang et al., 2016), which might suggest ongoing antigen ex-
posure and gives credence to the possibility that these autoantibodies
could play a biologically relevant role in the chronic phase of TBI, ra-
ther than representing an innocuous bystander phenomenon.

Rat studies reflect the findings in human experiments, with anti-
bodies to MBP(Li et al., 2008) and peroxiredoxin 6 (a primarily astro-
cytic antioxidant enzyme) (Buonora et al., 2015) detected by ELISA and
western blot respectively, and binding to neurons, astrocytes and vas-
cular basal lamina seen on tissue immunofluorescence (Rudehill et al.,
2006).

5.2. Mechanisms of autoantibody production

Traditionally the central nervous system was viewed as an im-
munologically privileged site, protected from immune system recogni-
tion by the blood-brain barrier. Recognition that even common neu-
rological disorders such as multiple sclerosis were at least in part
immunologically mediated led to a reconsideration of the interaction
between the central nervous and immune systems, and the role that the
blood brain barrier (BBB) plays in both health and disease.

As mentioned previously, it is well documented that TBI releases
cerebral antigens such as S100b and GFAP into the peripheral circula-
tion (Marchi et al., 2013; Zhang et al., 2014), and therefore it is un-
surprising that there should be immune recognition of these proteins.
Indeed, the titre of serum anti-GFAP antibodies correlates directly with
the titre of GFAP detected in the serum on day one post-injury (Zhang
et al., 2014).

Whilst this release may be largely due to compromise of the blood-
brain barrier, a conventional meningeal lymphatic drainage system has
now been recognised (Absinta et al., 2017), and the recently described
glymphatic pathway has been shown to drain CNS proteins directly to
the cervical lymph nodes following TBI, where they can be presented to
lymphocytes by professional antigen-presenting cells (APCs) (Plog
et al., 2015). Furthermore, whilst dendritic cells (DCs) were tradition-
ally believed to be absent from the CNS, leaving microglia and per-
ipherally derived monocytes/macrophages to function as the pre-
dominant antigen-presenting cells, it is now recognised that they are
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not only present but active, particularly following CNS injury
(D'Agostino et al., 2012). These DCs have been shown to phagocytose
proteins within the CNS, mature, migrate into the periphery and sub-
sequently activate peripheral T-cells, which play a crucial role in B-cell
activation and subsequent antibody synthesis (Koutsilieri et al., 2012;
Oberlédnder et al., 2011).

Whilst these mechanisms might explain the presence of detectable
antibodies in the serum, to have a biologically significant effect the
antibodies would have to gain access to the CNS. Aside from highly
specific circumstances, such as cerebral infection, the BBB prevents
antibodies from reaching the CNS and thus in principle mitigates
against parenchymal binding. In the acute stage of TBI, there is BBB
compromise, and autoreactive IgG can be seen to bind around cortical
lesions (Stein et al., 2002). This lack of BBB integrity has been docu-
mented to persist long-term following the injury, and indeed IgG de-
position can be seen at points of permeability years after the injury
(Hay et al., 2015). Furthermore, activation of T-cells (even those
without CNS specificity) has been shown to open the BBB to allow
autoantibody ingress (Westland et al., 1999). In the context of a truly
restored BBB, for antibodies to reside in this compartment later in the
disease course they must be locally produced. The archetypal in-
flammatory brain disease, multiple sclerosis, is associated with in-
trathecal antibody production, and in the course of elucidating the
mechanisms of this, it was discovered that B-cell maturation could be
sustained within the CNS, leading to the establishment of B-cell follicles
within the meninges (Magliozzi et al., 2007). Similar lymphoid follicles
have been described in injured tissue following experimental traumatic
spinal cord injury, a condition with substantial similarities to TBI
(Ankeny et al., 2006). The biological consequences of this ectopic
lymphoid tissue are, however, yet to be fully delineated.

In addition to antigen recognition, most B-cell processes require co-
stimulation from antigen-specific T-cells to trigger antibody production.
As detailed above, autoreactive T-cells are generated following TBI, and
the ability of activated T-cells to enter the CNS provides the scope for
them to co-activate resident B-cells, leading to autoantibody production
within the CNS itself (Hickey, 2001). The fact that this can occur in the
presence of an intact BBB (Knopf et al., 1998), suggests the potential for
ongoing relevance after the BBB has reformed following a traumatic
injury (Fig. 3).

5.3. Relevance of autoantibody production in TBI

Naturally occurring autoantibodies of the IgM type appear to have a
regenerative homeostatic function, removing cell debris and neu-
tralising pro-inflammatory cytokines (Gold et al., 2012; Warrington
et al., 2001). Indeed, IgM autoantibodies to brain antigens are found
not infrequently in both those with neurological illness as well as
healthy controls (Dahm et al., 2014) (although one must pay caution to
the idea of “healthy controls” in such studies, given the prevalence of
minor traumatic or ischaemic brain injuries throughout a lifetime). In
contrast, subject to the cytokine and alarmin/DAMP milieu accom-
panying antigen recognition, B-cells can undergo class switch re-
combination and somatic hypermutation with the subsequent produc-
tion of high affinity IgG autoantibodies and complement-mediated cell
destruction, highlighting the potential dualism of an autoimmune re-
sponse.

The overriding association in the literature between outcome fol-
lowing TBI and autoantibody production is one of harm. The presence
of MBP, GFAP/GFAP-BDP or acetylcholine receptor antibodies correlate
with injury severity and neurological outcome (Ngankam et al., 2011;
Sorokina et al., 2011; Zhang et al., 2014), S100b antibodies with dif-
fusion tensor imaging abnormalities and cognitive impairment
(Bazarian et al., 2014; Marchi et al., 2013) and pituitary and hy-
pothalamic antibodies with endocrinopathy (Tanriverdi et al., 2010,
2008). The descriptions of glutamate receptor antibodies are less clear
cut, occurring in higher titres in those with milder head injuries, but
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Fig. 3. Hypothesised Mechanism of Autoantibody Production in TBI. The release of large quantities of brain protein into the circulation and lymphatic system, in
combination with a heightened DAMP environment, leads to presentation of self-antigen to lymphocytes and subsequent autoimmunity, explaining the presence of
autoreactive T-cells and autoantibodies in the peripheral blood. Other inflammatory neurological diseases (including spinal cord injury) lead to the formation of
tertiary lymphoid tissue within the CNS, although this has not so far been displayed in TBI.

associating with the presence of ongoing post-traumatic headache
(Goryunova et al., 2007; Sorokina et al., 2009). In a rat model, titres of
MBP antibodies correlated with extent of myelinoclasis (Li et al., 2008).

These associations do not, however, demonstrate causality; im-
portantly, greater injury severity results in more substantial protein
release, which may provide a greater stimulus for antibody production.
Only one study has attempted to further delineate the biological role of
these autoantibodies. Human anti-GFAP antibodies bound strongly to
injured rat hippocampi, and induced LDH release suggestive of glial cell
injury, suggesting that autoantibodies have the potential to be im-
munologically active and contribute in some degree to the disease
process (Zhang et al., 2014). The principle that autoantibodies can be
deleterious has been demonstrated in the related condition of spinal
cord injury (SCI), where comparable humoral responses have been
described. The injection of serum from SCI mice into the hippocampi of
naive mice triggered glial activation and marked neuronal loss, whereas
injection of serum from both uninjured mice and B-cell knockout SCI
mice (those unable to mount an antibody response) led to no such re-
action (Ankeny et al., 2006). This detrimental effect was corroborated
by showing that B-cell knock out mice experienced a smaller reduction
in motor function following SCI than did wild-type mice (Ankeny et al.,
2009).

Whilst the general suggestion from the above is that autoantibody
responses might be detrimental in CNS trauma, there is a literature
suggesting potential for a neuroprotective or reparative role. Naturally
occurring (usually IgM) autoantibodies (nAbs) have been demonstrated
to activate oligodendrocytes to remyelinate denuded axons in a viral-
induced murine demyelinating disease model, as well as to enhance
neuronal outgrowth, with demonstrable clinical improvement
(Rodriguez et al., 2009). Similarly, nAbs to pathological proteins such
as (3-amyloid have been shown to help to reduce their aggregation and
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subsequent injurious effects (Dodel et al., 2011; Kellner et al., 2009),
which may have implications for TBI. Indeed, in a rat model of TBL, IgG
was seen to bind to dying neurons, with the presumption that this fa-
cilitates phagocytic clearance of cell debris (Stein et al., 2002). The
complexity of autoantibody responses is again highlighted here by the
destructive effect of anti-amyloid antibodies in those who develop an
aggressive inflammatory vasculopathy in response to amyloid deposi-
tion (Piazza et al., 2013).

The apparent paradoxes alluded to above suggest that viewing au-
toantibodies as a single functional group is certain to be a gross over-
simplification. Different subsets of antibodies have specific, and some-
times conflicting actions. If the autoantibodies seen after TBI are
functionally active, there may be a spectrum of responses ranging from
beneficial to detrimental.

5.4. Effector mechanisms — the role of complement, NK cells, and
phagocytes

Antibodies exert their destructive capabilities through two main
mechanisms: complement dependent cytotoxicity and antibody-de-
pendant cellular cytotoxicity (the opsonisation and engagement of ef-
fector cells, notably natural killer (NK) cells and macrophages). In ad-
dition, they can interfere with receptor functioning by blocking ligand-
receptor interactions.

The complement system typically works as a key downstream ef-
fector of antibody binding by activation of the classical pathway with
subsequent Major Attack Complex (MAC) formation and cell lysis. In
health the CNS produces very little complement, and indeed auto-
antibodies may need additional complement to cause damage (Saadoun
et al., 2010); TBI however, with its associated BBB compromise and
direct parenchymal passage of blood demonstrates significant
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complement deposition within the CNS (Bellander et al., 2001; Blasio
et al., 2018).

The levels of intrathecal MAC in patients following TBI is markedly
higher than controls, and of particular note is the generation of a second
peak of intrathecal MAC generation in a subset of patients one week
after the injury, presumably occurring as a consequence of adaptive
immune responses (Stahel et al., 2001). Inhibition of the MAC in mice
subjected to TBI reduces subsequent secondary neuron loss and pro-
motes neurological recovery (Fluiter et al., 2014). In addition to its
known destructive cascade, complement has been found to play a
contrary role within the CNS, both mediating injury and affording
protection. This is aptly displayed by the terminal pathway, which is
traditionally seen as the end effector leading to cell lysis; whilst this
does indeed occur at doses above a certain threshold, sub-lysis doses
have demonstrable reparative effects, protecting oligodendrocytes from
apoptosis, with induction of remyelination (Soane et al., 2001; Weerth
et al., 2003).

With regards to the potential downstream cellular effectors of au-
toantibodies, there is little informative literature relating to TBI.
Indeed, there are no publications assessing parenchymal NK cell in-
filtration following TBI. It is nonetheless recognised that NK cells do
migrate into the CNS during pathological states such as malignancy
(Domingues et al., 2012), infection (Alsharifi et al., 2006) and auto-
immunity (Hao et al., 2011). The effect of these infiltrating NK cells in
inflammation is complex and uncertain, with studies demonstrating
both pro-inflammatory (Shi et al., 2000) and regulatory effects (puta-
tively mediated by the killing of microglia) (Hammarberg et al., 2000;
Hao et al., 2011; Liinemann et al., 2008).

In contrast to the paucity of data regarding NK cells, there is a
wealth of evidence demonstrating ongoing microglial activation after
TBI. The underlying mechanisms behind microglial activation in this
setting are not fully known, but antibody-antigen complexes are re-
cognised as a potent microglial activator via the Fcy receptor, and could
represent a bridge between adaptive immune responses and ongoing
innate activation (Winter et al., 2016).

6. Chronic inflammation following traumatic brain injury

Whilst inflammation is a predictable response to brain injury, its
perpetuation beyond the acute phase is not, and marks TBI as an on-
going active process resulting from an initial insult. In keeping with the
surge of interest regarding inflammation in the pathogenesis of neu-
rodegenerative conditions such as Alzheimer's and Parkinson's diseases
(Ransohoff, 2016), there is a question as to whether ongoing in-
flammation may be contributory to the neurodegeneration seen in a
subset of patients post-TBI (Faden and Loane, 2015). Persistent mi-
croglial activation is seen in both pathological specimens and PET
studies years, indeed decades, after the injury (Johnson et al., 2013;
Ramlackhansingh et al., 2011). Furthermore, the ongoing inflammation
associates with degree of white matter tract damage (Pischiutta et al.,
2018; Scott et al., 2015), although a relationship with progression of
damage has yet to be demonstrated. Also unanswered is whether the
ongoing microglial activation is the result of a parallel underlying
process (such as abnormal protein deposition acting as a DAMP (Amor
et al., 2010)), or a consequence of failure to deactivate following the
acute injury (“microgliosis”(Saijo et al., 2013)). Either way, chronic
microglial activation has been implicated directly in neurotoxicity by
ROS production via NADPH oxidase and pro-inflammatory cytokines
such as TNFa (Lull and Block, 2010); indeed microglial activation has
itself been demonstrated to drive hyperphosphorylation and aggrega-
tion of tau protein, further complicating the relationship between
proteinopathy and inflammation (Maphis et al., 2015).

In addition to persistent local inflammation, patients with TBI de-
monstrate altered peripheral immunity months after injury. Increased
levels of pro-inflammatory cytokines including IL-1f, IL-6, IL-18 and
TNFa persist, and associate with outcome in a dose-dependent manner
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(Ciaramella et al., 2014; Kumar et al., 2015a, 2015b). CSF IL1 levels
are predictive of development of post-traumatic epilepsy (Diamond
et al., 2014). Even after a single severe TBI IgG autoantibodies to GFAP
remain detectable months post-injury (Wang et al., 2016).

7. Conclusions

A growing body of evidence points towards the influence of im-
munological processes on outcome following TBI, both in the acute and
chronic settings. Modulation of these processes offers a tangible me-
chanism to influence secondary neuronal injury and improve patient
outcomes. A significant proportion of the current literature relies on
animal models, interpretation of which is limited by both interspecies
immune system differences and experimental environment (for example
the impact of concomitant injury or sepsis which is ubiquitous in
human TBI, but not in CCI mouse models). The relative positive or
negative effects of inflammation are still far from certain, and it is likely
that relatively subtle skewing of immune responses could affect the
subsequent impact on outcome. With this in mind, for therapeutic in-
terventions to be both safe and effective, they must necessarily be
highly focussed in terms of both immunological target as well as
timeframe. Furthermore, the interindividual variation in immune re-
sponse seen across the majority of human TBI studies, in the context of
significant currently unexplained discrepancy in outcomes following
TBI, raises the possibility that particular subsets of patients might
benefit from immune-modulating treatments, necessitating the dis-
covery and utilisation of early biomarkers to identify those in whom
treatment might be effective.
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