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Summary

This thesis aims to create an overview of the role of microglia and TNF-alpha in
neuroinflammation, a common secondary injury mechanism in traumatic brain injury (TBI).
Neuroinflammation is often overlooked as TBI patients receive short-term care and may suffer
consequences in terms of chronic inflammation in the brain, leading to neurodegeneration and
cognitive impairment. Experimental models are assessed, and spinal cord injury (SCI) models
can be taken into consideration when researching neuroinflammation after TBI. It can be
concluded that over-the-counter anti-inflammatory medications do not improve the outcome of
secondary TBI injury, which paves the way for TNF-alpha as a focus of anti-inflammatory
research. TNF-mediating compounds that mediate neuroinflammation and show a
neuroprotective effect are TNFR2 agonists, direct TNF inhibitors and TNFR1 antagonists.
Microglia depletion therapy has yielded mixed results, but activated microglia can be
manipulated from an M1-like, inflammatory phenotype to an M2-like, inflammation-mediating
phenotype using pharmacological treatment or genetic engineering. While these therapies are
still in their experimental phase, more research is encouraged as they are not only promising as
treatment of the much-overlooked neuroinflammation in TBI, but also other neurodegenerative
and inflammatory conditions.
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Introduction

Traumatic brain injury (TBI) is an acute injury to the brain that anyone can sustain. Any type of
accident or other situation, such as sports, causing trauma to the head can result in a TBI, be it
mild or severe. In fact, around half of all people will suffer at least one TBI during their life (Maas
et al., 2017). Broadly speaking, there are two types of TBI: penetrating or open TBI, and
non-penetrating or closed TBI. Examples of common injuries are diffuse axonal injuries,
concussions and contusions (NINDS, 2023). Globally, approximately 64-74 million people suffer
from TBI every year (Dewan et al., 2019). This number only accounts for the initial injury; what is
often forgotten are the long-term effects a TBI can have on a person’s health. This is due to
what is called the secondary brain injury, which is sustained as a reaction to the primary (initial)
injury. Examples of secondary injuries include haemorrhages, increased intracranial pressure
and infections in the brain (NINDS, 2023). These injuries can lead to chronic inflammation and
other long-term health problems.
Neuroinflammation is essential for the healing process after TBI. Microglia are the resident
innate immune cells in the brain, which activate upon injury in order to repair the local tissue.
Microglia account for approximately 5-12% of brain cells in mouse models (Lawrence et al.,
1990), which is seemingly similar to human brains, although highly dependent on the area of the
brain (Mittelbronn et al., 2001). In their non-activated phenotype, microglia scavenge for debris
in the brain. Activation through proinflammatory stimuli such as lipopolysaccharides (LPS),
interferon gamma (IFNγ) or damage-associated molecular patterns (DAMPS) from damaged
cells leads to an M1-like activation, causing the microglia to release proinflammatory stimuli
such as tumour necrosis factor alpha (TNF-alpha), interleukin 12 (IL-12), chemokines and
reactive oxygen species (ROS). In this way, peripheral immune cells are recruited: upon arrival
at the target tissue, proinflammatory cytokines are released, attracting leukocytes. When
microglia are activated by Th2 cytokines such as IL-4 or IL-13, their phenotype becomes M2-like
instead, promoting tissue regeneration and inhibiting nuclear factor kappa-light-chain-enhancer
of activated B-cells (NF-kB) (Gordon, 2003, Sica and Mantovani, 2012).
While the function of the immune response is to repair damages, excess or chronic inflammation
can have the opposite effect. The brain is generally an immune privileged organ, however, when
the blood-brain barrier (BBB) is ruptured due to trauma, the influx of peripheral immune cells
into the brain is increased further and contributes to the excess inflammation (Simon et al.,
2017, Yang and Zhou, 2019). Thus, it is important that the microglia, as residents of the brain,
mediate the immune response in such a way that it does not become excessive. Release of
TNF-alpha and IL-6 in brain tissue had been proven in contusion models as early as 1994 by
Shihami et al. Now it is clear that TNF-alpha plays an important role in neuroinflammation in
TBI, and researchers are looking to sway the balance of activated microglia from
neurodestructive to neuroprotective by reducing TNF-alpha levels, for example by reducing
M1-like activation and increasing M2-like activation (Loane et al., 2016). Other methods target
microglia directly. The aim of this thesis is to use current literature to research how
neuroinflammation can be mediated after TBI, focusing on the role of microglia and TNF-alpha.

Main chapters
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Traumatic Brain Injury (TBI) and neuroinflammation

It is commonly accepted that around 90% of TBI cases are mild TBI (mTBI), identified as a
score of 13-15 on the Glasgow Coma Scale (GCS) presented in Table 1 (Teasdale and Jennett,
1974). However, between the scores of mTBI there is a lot of room for variety, as some patients
may not suffer any actual brain trauma and some can lose consciousness for up to 30 minutes
with up to 24 hours post-traumatic amnesia. It has been suggested that the term “complicated
mild TBI” ought to be used for cases where a focal lesion is visible after imaging, or that
“moderate TBI” (which is usually a score from 12-9) should be used because the prognosis of
those with a visible lesion is more similar to those with moderate TBI than those with mild TBI
(Lefevre-Dognin et al., 2021). This shows that, while a TBI may be classified as mild, it may still
have long-term effects on the patients depending on the severity of their injury. However, there
is not much of an overview in terms of long-term care for these patients. A much-cited study
showed that of 131 patients, 14.5% showed symptoms of mTBI at least 12 months after the
incident (Rutherford et al., 1979). It is however clear that long-term support is often not provided
while the patient does deem it necessary; in one study, this referenced about half of the patient
population (Lefkovits et al., 2021).
Common symptoms of mTBI are headaches, dizziness, fatigue, sleep disturbance,
concentration and memory problems, irritability, anxiety, depression and dissociation (Van Gils
et al., 2020). Injuries in more severe TBI such as diffuse axonal injury (DAI) and hematomas can
cause neuronal degradation, resulting in long-term effects such as cognitive impairment. In
response to the initial injury, secondary injuries such as brain swelling and inflammation occur,
along with a breakdown in the BBB that can exacerbate inflammation and has shown to be
chronic (Van Vliet et al., 2020, NINDS, 2023). Neuroinflammation causes a range of
degenerative changes in the brain, including damage to the synapses, loss of synaptic plasticity
and loss of long-term potentiation (LTP) in the dentate gyrus of the hippocampus (Cumisky et
al., 2007, Jamjoom et al., 2021). LTP is a strengthening of synapses allowed by synaptic
plasticity, the inhibition of which leads to an impairment of memory formation and learning.
Additionally, axonal damage such as DAI can persist months to years after the injury; axons can
disconnect from each other and degenerate, leading to chronic cognitive deficiencies, and
progressive axonal degeneration is linked to neurodegenerative diseases at a later stage in life
(Johnson et al., 2013). The severity of axonal damage can also be related to synaptic damage
(Canty et al., 2013). Another symptom of neurodegeneration that comes into play as a
consequence of neuroinflammation is the inhibition of neurogenesis. Early inhibition of
neurogenesis is linked to neurodegenerative disorders such as Alzheimer’s disease (AD) (Lui
and Ozguner, 2005). It is clear that chronic neuroinflammation causes serious pathology in
terms of neurodegenerative processes, and that there should be more attention to these
secondary effects of TBI, as opposed to the current short-term treatments of especially mTBI.
The mechanisms by which neuroinflammation induces damage will be discussed below, as well
as possible treatments, focusing on modulation of TNF-alpha or the microglia directly.
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Table 1: Glasgow Coma Scale (GCS), adapted from Teasdale and Jennett, 1974. The GCS includes
scoring of eye, motor and verbal response behaviours after brain injury. Mild TBI is classified as a score
of 13-15, moderate TBI being scored 12-9, and severe TBI being 8-3.

Score Behaviour

Eye response

4 Eyes open spontaneously

3 Eyes open to a verbal command

2 Eyes open to a pain stimulus

1 No eye opening

Motor response

6 Obeys a movement command

5 Moves to localised pain

4 Reflexively withdraws from pain

3 Spastic flexion to pain

2 Rigid response to pain

1 No motor response

Verbal response

5 Well-orientated

4 Confused but with appropriate responses

3 Inappropriate responses

2 Incomprehensible sounds

1 No verbal response

Mechanisms of neuroinflammation: microglia and TNF-alpha

Microglia are the primary defence mechanism in TBI, initiating the inflammatory response. After
TBI, the first to release are DAMPs, which are inflammatory signals picked up by pattern
recognition receptors (PRRs). PRRs are abundant in the cells of the central nervous system
(CNS), such as in microglia, astrocytes, neurons and oligodendrocytes (Reyes and Shinohara,
2022). Via the PRRs, downstream signalling pathways lead to upregulation of pro-inflammatory

6



transcription factors such as NF-kB and interferon regulatory factor 3 and 7 (IRF3/7) which
increase the release of pro-inflammatory cytokines and type 1 interferons (IFN-alpha, IFN-beta)
(Takeuchi and Akira, 2010). Two pro-inflammatory cytokines, TNF-alpha and IL-18 have shown
to be upregulated in the dentate gyrus after induction of neuroinflammation, thereby - as
mentioned earlier - affecting synapse mechanisms such as LTP (Butler et al., 2004, Cumisky et
al., 2007). TNF-alpha, IL-18 and IL-6 have also shown to inhibit cell differentiation and cause
neuronal death of neural progenitor cells (NPCs) (Lui and Ozguner, 2005). Elevated levels of
TNF-alpha, as seen in chronic neuroinflammation, have the ability to directly impair cognitive
function (Belarbi et al., 2012), underlining the potential of TNF-alpha to contribute to cognitive
impairment in chronic neuroinflammation.
It is clear that TNF-alpha has many direct effects on the state of the CNS during inflammation.
The release of TNF-alpha is mediated by cells of the immune system. While peripheral influx of
immune cells is common after TBI, microglia play an important role in the regulation of
TNF-alpha. Upon M1-like activation of microglia, they will release an exaggerated amount of
TNF-alpha, IL-6 and IL-1beta, but also inducible nitric oxide synthase (iNOS), which leads to an
increase in the ROS nitric oxide (NO). In turn, the produced ROS and cytokines stimulate the
pro-inflammatory environment and induce more activation of microglia to the M1-like phenotype.
M1-like microglia, activated by pro-inflammatory factors, are induced through “classical
activation”, while the activation of M2-like microglia is called “alternative activation” (Colton et
al., 2010). Alternative activation happens via anti-inflammatory cytokines IL-4 and IL-13, and
M2-like microglia assist in tissue repair and the stimulation of neurotrophic factors (Figure 1).
However, in chronic neuroinflammation, the M1-like phenotype far outweighs the M2-like
phenotype, perpetuating the problem of consequential neurodegeneration. In chronic
inflammation, microglia can be primed, meaning the microglia become overly sensitive and
produce an exaggerated inflammatory response when triggered. Microglial priming was first
discovered in prion disease and found relevant in neurodegenerative disorders such as AD, but
has been shown to appear in chronic neuroinflammation where it thus contributes to
neurodegeneration (Perry and Holmes, 2014). Therefore, researchers are looking to balance
the M2-like phenotype of microglia against the M1-like phenotype as a treatment for chronic
neuroinflammation.
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Figure 1. Differentiation of microglia into M1- and M2-like microglia. M1-like microglia are activated via
IFN-gamma and start expressing MHC class II as well as iNOS. Together with secreted factors
TNF-alpha, IL-6 and IL-1beta, M1 microglia contribute to chronic neuroinflammation, oxidative stress
and neuronal dysfunction. On the other hand, M2-like microglia are activated through IL-4 and IL-13,
interleukins that activate T-helper cells. M2 microglia secrete anti-inflammatory factors TGF-beta and
IL-10, leading to resolution of neuroinflammation, CNS remodelling and neuronal repair, neurogenesis
and angiogenesis, oligodendrogenesis and remyelination. Adapted from a review by Shao et al., 2022.
Image created using BioRender.com.

Experimental models of TBI

Due to the complexity of the primary and secondary injuries in TBI, it is challenging to design
animal models for the condition. Depending on the methods used, different severities and
locations of the TBI (e.g. focal lesions vs. diffuse injury) can be modelled, leading to a large
variety of models (O’Connor et al., 2011, Fesharaki-Zadeh and Datta, 2024). Therefore,
research on the mechanisms of neuroinflammation using spinal cord injury (SCI) models is also
important to consider. SCI models are much more precise in their location compared to TBI
models due to the localisation of the damage in one part of the spinal cord compared to a head
injury, where one or several parts of the brain can be damaged in different ways and severity.
The differences and similarities between SCI and TBI and what this means for the outcomes of
neuroinflammatory research, will be discussed.
A well-known model of TBI in mice is lateral fluid percussion (LFP), in which a craniectomy is
followed by a single pulse with an LFP device. LFP is the most commonly used technique to
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simulate TBI, and it mostly causes contusions and axonal injuries. The advantage of this model
is that the grade of injury is highly adjustable (Dixon et al., 1987, Alder et al., 2011, O’Connor et
al., 2011). However, this model usually causes focal injuries, along with the controlled cortical
impact model (CCI) (Dixon et al., 1991), in which a pneumatic impactor is used to cause
damage to a target area of the brain. Other models such as the weight drop model aim to cause
diffuse brain injury, another outcome of TBI (Marmarou et al., 1994, Kalish and Whalen, 2016).
Weight drop models are also used to simulate SCI. However, in the spine it is common to make
lesions in different, more efficient ways that produce higher accuracy results as reviewed by
Nakae et al. (2011). All these models were developed in either mice or rats, and have been
optimised for other animal species as well. While human models are being developed by
focusing on the inflammatory environment in stem cells (Thelin et al., 2018) or digital brain finite
element models (Atsumi et al., 2018), animal models are capable of showing behaviour after
TBI and are the most efficient models to date.
TBI and SCI are similar in that they are both injuries to the CNS, which is relatively immune
privileged tissue. Upon injury, the immune system will be triggered and have both
neuroprotective and neurodegenerative effects on the nerves. Due to the normal immune
privileged status of the tissue, neuroinflammation can quickly become excessive and cause
secondary injury to the neurons, leading to axonal damage and tissue destruction (Schwab et
al., 2014). While their origins may be different, TBI and SCI thus have a similar outcome in
terms of neuroinflammation, which is why SCI models can also be taken into account when
focusing on neuroinflammation in TBI.

Attempts to ameliorate neuroinflammation

1. Over-the-counter inflammatory mediators
Anti-inflammatory medications such as glucocorticoids (steroids) and nonsteroidal
anti-inflammatory drugs (NSAIDs) are much used in daily life. Glucocorticoids are a class of
corticosteroids, steroid hormones produced in the adrenal cortex. They are anti-inflammatory
and immunosuppressive by nature, by binding to glucocorticoid receptors (GRs) that are
abundant in most cell types, including cells of the immune system such as microglia. This way,
pro-inflammatory transcription factors such as NF-kB and activator protein-1 (AP-1) are inhibited
by glucocorticoids. Glucocorticoids are therefore often used in animal models to examine their
neuroprotective effect (Coutinho and Chapman, 2011, Sunishtha et al., 2022). However, it has
been shown that glucocorticoids as treatment for TBI increase apoptosis of neurons in the
hippocampus, which can cause cognitive impairment or memory loss (Chen et al., 2009, Zhu et
al., 2013, Komoltsev and Gulyaeva, 2022). Therefore, while glucocorticoids are popular in
animal experiments, treatment of neuroinflammation with glucocorticoids in TBI patients is
currently not recommended.
NSAIDs are antipyretic and analgesic on top of their anti-inflammatory function, and work via the
inhibition of the cyclooxygenase (COX) enzyme. The COX enzyme consists of isoenzymes
COX-1 and COX-2 which synthesise prostaglandins, which are pro-inflammatory compounds,
as well as stimulating levels of IL-10 and IL-1beta. One study by Harrison et al. (2014) found
that, similar to taking an NSAID at home after mTBI, administration of an over-the-counter
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(OTC) dose of an NSAID after LFP brain injury in mice did not mediate symptoms of
concussion, concluding that NSAIDs do not have an immediate alleviating effect after mTBI.
Other studies have found specific but mixed results such as non-selective COX inhibition
alleviating neurological symptoms within 24 hours while COX-2 specific inhibition does not
(Girgis et al., 2013) and IL-1β decrease through both COX pathways (Keshavarzi et al., 2012). It
is clear that glucocorticoids and NSAIDs, while being anti-inflammatory, should not be
recommended to treat neuroinflammation in TBI. Therefore, more specific methods should be
targeted, such as mediating the pro-inflammatory cytokine TNF-alpha. Over the years, many
therapeutic compounds targeting TNF-alpha and microglia have been developed, which are
discussed below.

2. TNF receptor 2 agonists
TNF receptor 2 (TNFR2) is expressed on cells of the immune system, microglia, endothelial
cells and cardiomyocytes (Medler and Wajant, 2019). Even though TNFR2 activates the NF-kB
pathway, it has shown neuroprotective effects, for example through stimulation of regulatory T
cells (Tregs) (Chen et al., 2007), which is also reviewed thoroughly by Medler and Wajant
(2019). It can also support neurogenesis (Chen and Palmer, 2013), as opposed to TNFR1,
which is often shown to have the exact opposite effect. A study by Gao et al. (2017) also
showed that when TNFR2 is ablated in microglia, it worsens the outcome of neuroinflammation
in mice. There seems to be clear evidence that microglial TNFR2 mediates neuroinflammation.
Therefore, TNFR2 agonists have been researched to counter neuroinflammation in diseases
such as TBI and multiple sclerosis (MS).
One such TNFR2 agonist is selective mouse TNF-based agonist of TNF receptor 2 (STAR2),
developed by Chopra et al. (2016). Although it was tested in graft-versus-host disease (GvHD)
instead of a neuroinflammatory disease, it was highly successful in activating Treg cells and it
drastically improved the outcome of the disease. NewSTAR2 was developed after (Vargas et al.,
2022), and was shown to have superior serum retention over STAR2 with improved
pharmacokinetic properties. STAR2, also called TNC-sc(mu)TNF80, was upgraded into the
fusion protein irrIgG1(N297A)-HC:sc(mu)TNF80 (NewSTAR2), meaning that essentially the
single-chain TNF80 domain was fused to the C-terminal heavy chain domain of an
immunoglobulin G (IgG) molecule (Figure 2A). A single injection of NewSTAR2 reached a 3-fold
stronger bioluminescence signal and upregulated suppression-related markers compared to two
weeks of STAR2 injections (Vargas et al., 2022). Since then, research has shown that
NewSTAR2 mediates inflammation and improves outcomes in acute GvHD (Vargas et al.,
2022b), stroke (Thougaard et al., 2023), and AD (Ortí-Casañ et al., 2022, Ortí-Casañ et al.,
2023). Therefore, NewSTAR2 proves to be a valid candidate for treatment of neuroinflammation
in TBI and other disorders.
Another TNFR2 agonist that has gained attention is the protein EHD2-sc-mTNFR2. A
TNFR2-selective single chain TNF protein is used as three linked monomers and by linking it to
the heavy chain domain 2 of immunoglobulin E (EHD2), a hexamer is formed (Figure 2B)
(Fischer et al., 2018). Since it is primarily membrane-bound TNF that binds to TNFR2 (Sedger
and McDermott, 2014), Like NewSTAR2, it causes selective activation of TNFR2 which leads to
an increase in Treg cells, in this case alleviating experimental arthritis in vitro (Fischer et al.,
2018). EDH2-sc-mTNFR2 is therefore another candidate against neuroinflammation, however, it
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seems less attractive than NewSTAR2 when comparing the amount of publications on the two
compounds. There are however publications demonstrating the effectiveness of
EDH2-sc-mTNFR2 in mediating neuropathic pain (Fischer et al., 2019) and SCI (Gerald et al.,
2019), suggesting that the neuroprotective effect of EDH2-sc-mTNFR2 may mitigate secondary
injury in TBI as well.

3. TNF inhibitors
Many monoclonal antibodies have been developed against TNF, such as infliximab and
adalimumab. They bind to TNF to inhibit it from binding to the TNFRs, mediating inflammation
(Smolen and Emery, 2011, Miyasaka, 2009). Although both of these antibodies have a long
history, etanercept was one of the first fusion protein TNF inhibitors to be brought onto the
market (Weinblatt et al., 1999, Goldenberg, 1999, Moreland, 1999), and the first to be approved
for rheumatoid arthritis (RA) while the others followed soon after (Zhao et al., 2018). Unlike the
monoclonal antibodies, etanercept consists of two Fc portions of human IgG1 connected to two
portions of extracellular TNFR2 (Figure 2C). It binds to TNF with greater affinity than the
monoclonal antibodies and endogenous TNFRs, making it an effective drug. Membrane TNF
binds strongly to TNFR1 and TNFR2 while soluble TNF binds to both but preferentially activates
TNFR1 (Medler and Wajant, 2019). Etanercept preferentially binds to membrane TNF, leaving
TNFR1 more vulnerable to TNF binding than TNFR2. This could lead to maintenance of
inflammatory symptoms, which can be hypothesised for example in a study by Van den Brande
et al. (2013) where etanercept showed less efficacy in mediating inflammation in Crohn’s
disease compared to infliximab. Etanercept is still much-prescribed for RA and proven to be a
safe and effective drug with renewed popularity (Zhao et al., 2018). While it is not officially
indicated for any neurological diseases, research has been done to assess the outcome of TBI
with etanercept. An LFP model of TBI in mice by Chio et al. (2010) found that microglial
activation and activated TNF-alpha levels along with motor and cognitive deficits were all
decreased by administration of etanercept into the cerebrospinal fluid (CSF). Similarly, the same
results were found with etanercept injections in an LFP model of TBI in rats (Cheong et al.,
2013). An observational study in humans treated with perispinal injections of etanercept after
chronic neurological deficits following stroke or TBI showed significant improvement in their
condition compared to treatment with a placebo (Tobinick et al., 2012). All in all, etanercept has
proven itself to be an effective TNF inhibitor that could be considered for official use in patients
with TBI, both directly after TBI and when struggling with long-term neurological problems.
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Figure 2. Schematic representations of TNFR2 agonists, TNF inhibitors and TNFR1 antagonists. a)
selective mouse TNF-based agonist of TNF receptor 2 (STAR2) and NewSTAR2, both TNFR2
agonists. In NewSTAR2, the single-chain TNF80 domain is fused to the C-terminal heavy chain domain
of an IgG molecule. Figures adapted from Vargas et al., 2022. b) EDH2-sc-mTNFR2, TNFR2 agonist. A
TNFR2-selective single chain TNF protein is used as three linked monomers and by linking it to the
heavy chain domain 2 of immunoglobulin E (EHD2), a hexamer is formed. Figure adapted from Fischer
et al., 2018. c) The fusion protein TNF inhibitor etanercept next to TNF antibodies infliximab and
adalimumab. Etanercept consists of two Fc portions of human IgG1 connected to two portions of
extracellular TNFR2. Figure adapted from Zhao et al., 2018. d) solTNF-selective TNF inhibitor
XPro1595, a dominant-negative variant of TNF. Binding to solTNF forms an inactive heterodimer which
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cannot bind to TNFRs. Figure adapted from INmune Bio Inc. e) TNFR1 antagonist ATROSAB,
consisting of a humanised anti-human TNFR1 antibody converted into IgG1. TNFR1 blockage is
demonstrated. Figure adapted from Richter et al., 2013. f) TNFR1 antagonist Atrosimab, upgraded
from ATROSAB. ATROSAB is converted to a new anti-TNFR1 antibody fragment named Fab 13.7, then
the variable chains are fused to heterodimer Fc chains, a technique called Fc1k (“Fc-one/kappa”). This
creates a protein with a TNFR1-specific domain and a modified Fc1k domain. Figure adapted from
Richter et al., 2013. Image created using BioRender.com.

Another TNF inhibitor is the compound XPro1595, developed as a dominant-negative variant of
TNF (DN-TNF). By binding to native soluble TNF (solTNF), an inactive heterodimer is formed,
which cannot bind to TNFRs (Steed et al., 2003) (Figure 2D). XPro1595 is also known as
DN-TNF, XENP345, XENP1595 and INB03 among others, and has steadily been worked on
since 2003, making great progress as a TNF inhibitor and proving itself to be an effective
anti-inflammatory. As early as 2006, its protective effect on dopaminergic neurons has been
demonstrated (McCoy et al., 2006). Since XPro1595 selectively binds to solTNF, its
anti-inflammatory effects are enhanced due to the preferential binding of solTNF to TNFR1
(Medler and Wajant, 2019). This gives XPro1595 an advantage over etanercept, since
etanercept does not selectively target solTNF and therefore also blocks the anti-inflammatory
effects of TNFR2. XPro1595 has shown to be neuroprotective in rodent studies of Parkinson’s
(Barnum et al., 2014), AD (MacPherson et al., 2017), SCI (Novrup et al., 2014, Lund et al.,
2023) and even TBI (Larson et al., 2023). In this last study, a CCI mice model with XPro1595
administration 60 minutes post-injury, where it prevented reactivity of microglia, reduced
synaptic plasticity and neuronal dendritic degeneration. Recently, the role of TNF-alpha in acute
subdural hematoma in TBI was highlighted, with intracranial venous return disorder as an
important part of the prognosis in TBI patients (Wang et al., 2023). Here, the possible
therapeutic role of XPro1595 was also highlighted, showing its popularity and potential in
mediating TBI from different perspectives.

4. TNF receptor 1 antagonists
Next to TNF inhibitors, which work optimally when solTNF is targeted due to their preference for
TNFR1, there are also TNFR1 antagonists. Antagonistic TNF Receptor One-Specific Antibody
(ATROSAB) is one such TNFR1 antagonist dating from 2010 (Zettlitz et al., 2010). It consists of
a humanised anti-human TNFR1 antibody, converted into IgG1 (Figure 2E). Compared to other
TNFR1 antagonists, ATROSAB has shown greater values of binding and inhibition, suggesting it
to be the better compound in countering inflammation (Richter et al., 2013), along with better
efficacy in mediating inflammation in monkey and mice models of RA and MS (Guenzi et al.,
2013). ATROSAB has also improved the outcome of neuroinflammatory models in combination
with EHD2-sc-mTNFR2; TNFR2 was stimulated first using the TNFR2 agonist to increase the
anti-inflammatory response, after which ATROSAB was used to inhibit the effects of TNFR1
(Dong et al., 2016, Pegoretti et al., 2023).
ATROSAB was later converted to a new anti-TNFR1 antibody fragment named Fab 13.7, then
fused to heterodimer Fc chains. The product is called atrosimab, which has shown an increased
binding affinity to TNFR1 and reduced cross-linking interactions, making it a potentially
improved anti-inflammatory drug over ATROSAB (Richter et al., 2019) (Figure 2F). Since then,
Atrosimab has indeed shown therapeutic effects in mouse models of experimental arthritis,
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experimental autoimmune encephalomyelitis (EAE) and non-alcoholic steatohepatitis,
suggesting its potential in treating chronic inflammation (Richter et al., 2021). Neuroprotective
effects of Atrosimab have also been demonstrated through the reduction of neuronal cell death,
neurodegeneration and cognitive deficits in a neurodegenerative mouse model (Ortí-Casañ et
al., 2023). As Atrosimab is a current focus as an anti-inflammatory therapeutic, more
implications for its use in neuroinflammatory disease will probably be published, including TBI.

5. Microglia-targeted therapies
It is clear that mediation of the TNF receptors on microglia has great therapeutic potential for
neuroinflammatory disease. However, microglia themselves are also targeted in research. The
microglia depletion model is a well-used model that has served as an observatory for scientists
to find out the importance of microglia in inflammatory settings. Microglia can be
pharmacologically and genetically depleted. Pharmacological treatment focuses on the inhibition
of the CSF-1 receptor, since CSF-1 is critical and selective for the survival of microglia (Elmore
et al., 2014). In genetic depletion, immunotoxins or “suicide genes” are expressed upon
activation by a prodrug, which has supposedly higher efficiency than the pharmacological
approach (Han et al., 2017). Since microglia are protective under normal circumstances, there is
a lot of debate and variety in outcomes of microglia depletion research. For example,
pharmacological microglial depletion has shown a neuroprotective effect in intracerebral
haemorrhage (Li et al., 2017), while depletion with the same compound shows exacerbation of
neuronal damage in brain ischaemia (Szalay et al., 2018, Han et al., 2017). Many such results
have led to critical review articles debating the value of microglia in neuroinflammation. Another
concern is the ability of microglia to repopulate after artificial inhibition. It currently cannot be
ascertained if repopulated microglia can take over the full functions of depleted microglia in the
CNS. Nevertheless, research on microglial depletion seems to be popular and there are
abundant studies showing overactivation of microglia in neurodegenerative and
neuroinflammatory diseases, as illustrated by reviews (Parajuli and Koizumi, 2023, Zhang et al.,
2023).
Regarding TBI, the microglia depletion model has shown general improvement of symptoms. In
a study by Henry et al. (2020), a mice CCI model was treated with pharmacological depletion of
microglia in the chronic phase, where depletion and repopulation showed similar morphology to
uninjured mice. Inhibition of microglia decreased chronic neuroinflammation and
neurodegeneration while improving cognitive function in the long term, mitigating the secondary
effects of TBI. However, a study by Hanlon et al. (2019) found that immediate depletion of
microglia after TBI led to an increase in neuroinflammation in the early post-TBI period, perhaps
due to decreased clearance of dead and dying cells in the brain. All in all, review articles seem
to agree that the timing of microglia depletion is an important factor in its effectiveness against
neuroinflammation and this should be researched more thoroughly in different models.
Another way to encourage neuroprotective mechanisms using microglia is manipulation of the
balance of primed microglia from M1-like to M2-like, to reduce pro-inflammatory and increase
anti-inflammatory mechanisms. One drug that is used to achieve this, is fenofibrate, a
peroxisome proliferator-activated receptor α (PPARα) agonist. This drug is used on the current
market to treat high blood cholesterol, however, it could also have a future as neuroprotective
medicine after TBI. PPARs regulate the activation of M2-like macrophages and microglia
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(Chawla, 2010), and LFP-injured mice treated with fenofibrate showed a decrease in
neurological deficits both in the early and late phase of recovery, indicating the neuroprotective
effect of fenofibrate (Besson et al., 2005). Another model of TBI showed anti-inflammatory and
antioxidant effects, decreasing oxidative stress (Chen et al., 2007). Since then, several studies
have been conducted on the effects of fenofibrate in brain haemorrhage and ischemia models,
showing a neuroprotective effect, reduced brain swelling and edema, and amelioration of
learning and memory deficits (Wang et al., 2017, Vahidi et al., 2021, Xuan et al., 2015). Based
on current experimental evidence, fenofibrate could possibly be used in treatment of TBI in the
future.

Discussion

This thesis has focused on the role of microglia and TNF-alpha in mediating neuroinflammation
following TBI. It is clear that the microglia play a big role in TBI and subsequent inflammation is
caused by M1-like activation of microglia and consequentially, release of pro-inflammatory
cytokines such as TNF-alpha (Loane et al., 2016, Shao et al., 2022). An overview of M1-like and
M2-like microglia and the role of microglia and TNF-alpha were presented, and experimental
models of TBI were discussed. It can be concluded that while there are different kinds of models
for TBI, models for SCI can also be used to study neuroinflammation in the same way. In this
thesis, several therapies against neuroinflammation have been discussed. It can be concluded
that OTC anti-inflammatory medications are not effective in treating the secondary inflammatory
injury after TBI (Chen et al., 2009, Zhu et al., 2013, Komoltsev and Gulyaeva, 2022, Harrison et
al., 2014). While experiments with animals show an effect of glucocorticoids, patient studies
have not had the same success. NSAID studies have not yielded beneficial results either. This
indicates that another type of therapy should be developed against neuroinflammation, and
TNF-alpha is a prime target. TNF-alpha can inhibit cell differentiation and cause neuronal death
in neuroinflammation as well as impairing cognitive function (Lui and Ozguner, 2005, Belarbi et
al., 2012). Therefore, three types of TNF-alpha-mediating compounds have been discussed:
TNFR2 agonists, TNF inhibitors and TNFR1 antagonists. TNFR2 has demonstrated to be
anti-inflammatory when activated, which is why TNFR2 agonists have been developed (Chen et
al., 2007, Chen and Palmer, 2013, Gao et al., 2017). NewSTAR2, successor of STAR2, is a
TNFR2 antagonist which is currently popular in research. It has shown to be effective in GvHD
(Vargas et al., 2022b), stroke (Thougaard et al., 2023), and AD (Ortí-Casañ et al., 2022,
Ortí-Casañ et al., 2023), making it a promising candidate for TBI as well. EDH2-sc-mTNFR2 is
another TNFR2 inhibitor and has shown effect in neuropathic pain (Fischer et al., 2019) and SCI
(Gerald et al., 2019). TNF inhibitors such as monoclonal antibodies infliximab and adalimumab
have been discussed, but fusion protein etanercept has shown even more promise, as an
anti-inflammatory medicine currently on the market for RA but with great experimental success
in TBI (Chio et al., 2010, Cheong et al., 2013, Tobinick et al., 2012). Etanercept is yet outdone
by XPro1595, a TNF inhibitor specific for solTNF, essentially blocking TNFR1 activation while
not affecting TNFR2 (Medler and Wajant, 2019). XPro1595 has shown effectiveness in many
neurodegenerative conditions and recently in TBI, making it a promising compound for the
future (Barnum et al., 2014, Lund et al., 2023, Novrup et al., 2014, Larson et al., 2023). Lastly,
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TNFR1 antagonists were discussed, with the popular ATROSAB being replaced by atrosimab. It
has not yet been tested in TBI models, but its neuroprotective effects are clear, and additional
research is needed (Richter et al., 2019, Richter et al., 2021, Ortí-Casañ et al., 2023).
Microglia-targeted therapies were discussed as final remedy for neuroinflammation, first
explaining the microglia depletion model followed by a potential shift from M1-like microglial
activation to M2-like microglia. In the case of the microglia depletion model, while research
uncovers valuable information about the role of microglia in neuroinflammation, results are still
conflicting (Li et al., 2017, Szalay et al., 2018, Han et al., 2017, Parajuli and Koizumi, 2023,
Zhang et al., 2023). However, a medication that is used for high blood cholesterol, fenofibrate,
has shown effective in shifting the balance of primed microglia from M1-like to M2-like (Besson
et al., 2005, Chen et al., 2007, Wang et al., 2017, Vahidi et al., 2021, Xuan et al., 2015). All in
all, there are many possible ways to treat neuroinflammation just based on TNF-alpha and
active microglia, and all of these suggestions have yet to be clinically assessed.
As summarised, not all discussed therapies show the expected outcome. OTC medications
such as glucocorticoids and NSAIDs are anti-inflammatory in nature, but yield negative results
in animal experiments on secondary injury in TBI (Chen et al., 2009, Zhu et al., 2013, Komoltsev
and Gulyaeva, 2022, Harrison et al., 2014). This shows that TBI is a complex condition and
neuroinflammation should be countered at its root instead of via generic inflammatory
mechanisms. The microglia depletion model is another therapy that yields mixed results. The
main takeaway from these results is that microglia have complex functions that lead to both
inflammation-mediating and pro-inflammatory outcomes, depending on the timing of microglial
depletion. It is suggested that primed, “overactive” microglia be depleted in a manner that allows
new microglia to take over and put the brain in a state of normality to avoid overactivity of the
immune system that would otherwise lead to exacerbated neuroinflammation. However, there
are many theoretical and practical obstacles in the microglia depletion model and it will probably
not be suggested for TBI therapy any time soon (Hanlon et al., 2019). Manipulation of microglia
in other ways, such as balancing M1-like and M2-like activation, and TNF-focused therapies
seem to be preferred in the current landscape of experimental TBI therapies.
With TBI being a global health problem and one of the leading acute health problems in many
developed countries (Dewan et al., 2019), it is no wonder that researchers are focused on
mediating secondary injury and neuroinflammation. However, experimental evidence does not
automatically lead to treatment, as clinical trials have to be done on compounds to assess their
safety and efficacy in human subjects. Many of the therapies mentioned in this thesis are not yet
at such a stage, and thus will not be used in ameliorating TBI for many years to come. Currently,
two XPro1595 clinical trials are ongoing for AD (ClinicalTrials.gov ID: NCT05522387,
NCT05318976), and there are many etanercept trials being conducted for RA. In this regard,
TNF inhibitors are closest to approved human treatment compared to the other discussed
therapies. According to ClinicalTrials.gov, monoclonal antibodies infliximab and adalimumab are
being tested for many inflammatory conditions including psoriasis and Crohn’s disease,
however, no TBI trials were found. Similarly, fenofibrate is mainly being tested in type 1
diabetes. It can be concluded that while TNF-mediating and microglial therapies show great
experimental promise for neuroinflammation and treatment of TBI, treatment with these
compounds is far from reality due to lack of clinical trials. Many of the therapies are relatively
new ideas and repeat experiments need to be done on their effectiveness, as well as additional
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experiments on safety and comparison to other types of medications. Translational research is
much needed in this area as safe dosing, compound uptake and metabolism and entry through
the BBB pose significant obstacles in potential human administration.
As demonstrated by overwhelming experimental evidence, the therapies discussed in this thesis
are not specific to TBI. Experiments cover several inflammatory and neurodegenerative
diseases, mainly AD. Indeed, TNF-mediating therapies should be considered for AD and other
neurodegenerative conditions such as Parkinson’s disease. Other inflammatory diseases such
as RA and encephalomyelitis should also be considered. Next to that, the closest mentioned
pathology to TBI is SCI. While experimental models of neurodegenerative and inflammatory
diseases such as AD and RA have inflammation as a common factor, TBI and SCI both shed
light on neuroinflammation in the CNS, an immune-privileged tissue. It has been discussed and
concluded that similar animal models are used for TBI and SCI. While the two are not
interchangeable, SCI models can certainly be included when gathering information on TBI
research, and perhaps the other way around. A model that is used in both TBI and SCI is the
weight drop model, causing diffuse brain injury as a TBI model, less often used as SCI model
due to its relative inaccuracy to other available methods (Nakae et al., 2011). However, it needs
to be emphasised that the available experimental models for TBI, whether they cause focal
lesions or diffuse injury, may be significant but not completely accurate to human TBI. TBI is a
complicated condition which, while it can be categorised into several kinds, is eventually unique
for everyone, as it most often occurs due to accidents. While animal models are necessary for
behavioural tests and optimal for studies of the brain, future research should encourage the use
of digital 3D models and simulations of TBI to shift away from the use of animals towards a
model that can be both accurate and complicated.
To conclude, mediation of microglia or TNF-alpha seems to be an excellent opportunity to
mediate secondary injury and neuroinflammation in TBI. It is clear that the role of microglia
cannot be ignored, but manipulation of microglia should be approached with caution due to the
complexity of the microglia’s functions. TNF-alpha is a popular target for anti-inflammatory
compounds, with several strategies being tested in experimental research such as TNFR2
agonism, direct TNF inhibition and TNFR1 antagonism. While many compounds show a lot of
promise in experimental settings, more research needs to be conducted before human use and
clinical trials can be considered. While many neuroinflammatory models can be used when
researching secondary injury in TBI, it needs to be considered that animal TBI models may not
capture the entire complexity of the condition, and that other secondary injury mechanisms such
as brain swelling, haemorrhage and edema can indirectly influence real-life results. Hopefully,
computer models of TBI can decrease these limitations in the future. The benefits of
TNF-mediating therapies over therapies such as OTC medications should not be overlooked
and future research should focus on TNF-mediating compounds in increasingly accurate TBI
models to eventually mitigate neuroinflammation after TBI.
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Afterword
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