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Abstract
Interleukin 33 (IL-33) is a dual function cytokine. It is a member of the IL-1 family
and it acts as a pro-inflammatory factor (18 kilo Dalton, 18 kD) like other cytokines in
IL-1 family. IL-33 is also a transcription factor (32 kD - form) which can suppress or
activate gene transcription in diverse cases. A variety of cell types and tissues in the
central nervous system (CNS) can release IL-33 after injury. The 18 kD IL-33 binds to
the membrane receptor protein ST2 ligand, then regulates downstream gene
expression, triggers cytokine synthesis, and modulates the immune system response.
After traumatic brain injury (TBI) in the CNS, glial cells become key players in the
nervous tissue response. Astrocytes undergo activation, proliferation, release
pro-inflammatory factors and, as a consequence, a glial scar barrier around the injury
is formed. Simultaneously, resting microglia are activated and able to remove debris.
Lastly, oligodendrocytes together with microglia and astrocytes are activated and
communicate with the immune system. In addition, as a severe kind of injury to the
CNS, brain tumours share some similar characteristics of brain injury, such as hypoxia
and inflammation. Therefore, IL-33 may play a role in neuroinflammation and also in
brain tumours. In this project, our aim was to investigate the role of IL-33 and the
IL-33/ST2 pathway in traumatic brain injury and brain tumours (e.g glioma). We
found that IL-33 can influence the CNS immune resonse, and may be important in
CNS pathology.

The IL-33/ST2 pathway in CNS
-Traumatic brain injury and brain tumour
Popular Science Summary
Xiaofei Li
Traumatic brain injury is a serious injury to the brain, causing neuron loss soon after
the primary insult, and then continuous damages occur as secondary injury. Another
pathology in the CNS is brain tumours. Due to mutations, genomic instability or
infection, cells become transformed, proliferate and consequently a tumor develops..
When malignant brain tumours, like glioblastoma, appear in patients, the survival
time is very short, usually several months to years.
Once a lesion or injury occurs in the CNS system, both endogenous cells in the CNS
and cells from immune system react quickly or gradually. One of the vital factors
helping with communication among these cells is the cytokine family. The network
formed by cytokines triggers or suppresses the activation and proliferation of relevant
cells, leading to the immune system and CNS eliminating pathogens or even leading
to neuroregeneration.
IL-33 is a cytokine belonging to the IL-1 family. Two forms of IL-33 have been
detected, namely 18 kD form and 32 kD form. The 18 kD IL-33 is a cytokine, binding
to its receptor, the ST-2 ligand on the membrane, while 32 kD IL-33 has been
proposed to function as a transcription factor, activating or suppressing gene
transcription.
In our study, traumatic brain injury was performed and the role for IL-33 studied. Our
results suggested that the IL-33/ST2 pathway plays a role in the communication
between the immune system and the endogenous cells in the CNS. Moreover, we also
investigated IL-33 expression in brain tumours, and found that 18 kD IL-33 and 32
kD IL-33 have different expression patterns.
The function of this new cytokine is still under study, but we can assume IL-33 may
have some important effects in brain injury, and maybe also brain tumours, thus the
understanding of IL-33 mechanisms may be promising for diseases in the CNS.
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Introduction
1.1 Central Nervous System- Normal Biology
1.1.1 Glia
Cells in the central nervous system (CNS) mainly consist of glia and neurons. Major
glial cells are astrocytes, oligodendrocytes and microglia, each contributing to
different functions in the CNS.
Astrocytes
In the brain, astrocytes are generally derived from progenitors in the neuroectoderm in
the ventricular zone from early stages of embryonic life. Most astrocytes destined for
the white matter and the infragranular cortical layers are derived from the
transformation of radial glial cells (Gressens et al., 1992). In the uninjured CNS,
astrocytes regulate the physiological activities by expressing ion channels (Zhang et
al., 2010), eliminating neurotransmitters and ions from synapses (Bergami et al., 2008;
Bogen et al., 2008) as well as contributing to the regulation of oligodendrocytes
(Ishibashi et al., 2006; Yamaguchi et al., 2008) and neural stem cells (Bundesen et al.,
2003; Petros et al., 2006). Furthermore, astrocytes are involved in energy support and
immune response. During the scarcity of glucose, lactate is formed by
astrocyte-derived glycogen as an alternative source of nutrition (Brown et al., 2004;
Ransom and Fern, 1997; Suh et al., 2007). Numerous chemical and biologically active
proteins, such as inflammatory cytokines, chemokines, and growth factors are
released from astrocytes or bind to relevant receptors expressed on astrocytes
(Garcia-Estrada et al., 1992; Lau and Yu, 2001; Ridet et al., 1997). In addition,
astrocytes play a crucial role in diverse neuronal function, including promoting
synapse formation, providing metabolic substrates for neurons, coupling blood flow to
neuronal activity, and maintaining the blood-brain barrier (BBB) (Iadecola and
Nedergaard, 2007). The BBB is formed by high-density endothelial cells and
supported by part of astrocytes, glia limitans. These compartments of astrocytes
surround the endothelial cells of the BBB and provide biochemical support to BBB
endothelial cells. Therefore, the BBB stably restricts the passage of solutes to the
CNS and protect the CNS from various toxins or drugs. Therefore, astrocytes are an
important component of the CNS, and traditionally they can be identified as cells
expressing the intermediate filament glial fibrillary acidic protein (GFAP) but there
are some exceptions, which will be discussed further in this report.
Microglia
The microglia origin was the subject of discussion for decades, and they are generally
believed to derive from mesodermal precursor cells. Regulating brain development
and neurogenesis under normal physiological conditions of mature brain, microglia
displays a resting form. Activated in conditions of infection or injury, microglia
contribute to neuronal survival and neuroregeneration (Hanisch and Kettenmann,
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2007; Teeling and Perry, 2009). In response to a certain pathological condition in the
CNS, microglia is always the primary immune effector cells. Microglia are quickly
activated after an injury or infection in the CNS and present danger signals (Nguyen
and Benveniste, 2002), followed by MHC class I and II antigens expression on the
membrane, which leads to T cell- microglia communication. As a consequence,
pro-inflammatory cytokines, cell necrosis factors and wound-healing factors are
released by microglia and finally, neuron debris and invasive cells are removed to
some extent (Frei et al., 1987; Matsumoto et al., 1992; Streit and Kreutzberg, 1988).
However, in some cases, microglia are over-activated and release various factors, and
some of the released proinflammatory cytokines and oxidative factors may act as
neuron toxins and play a cytotoxic role in the CNS (Block and Hong, 2005).
Oligodendrocytes
Oligodendrocytes are cells derived from oligodendrocyte precursor cells (OPC) which
arises from the neuroepithelium of the ventricular/subventricular zone of the brain
which is also the origin of the neurons and astrocytes. Oligodendrocytes are cells
known to produce myelin. Myelin consists of several components, including high
lipid content and a few kinds of proteins, such as proteolipid protein, myelin basic
protein (MBP), and 2’-3’-cyclic nucleotide 3’-phosphohydrolase, which contributes to
myelin sheath formation and stabilization (Schneider et al., 1992; Shine et al., 1992;
Trapp et al., 1989). Pathological conditions such as multiple sclerosis, traumatic brain
injury or spinal cord injury are directly associated with extensive neurotransmitter
glutamate release and oligodendrocytes damage (Crowe et al., 1997). In addition,
astrocytes and microglia also contribute to remyelination together with
oligodendrocytes via releasing diverse factors, such as fibroblast growth factor 2
(FGF-2), insulin-like growth factor 1 (IGF-1), tumour necrosis factor-α (TNF-α) and
interleukin-1β (IL-1β) (Arnett et al., 2001; Frost et al., 2003; Hsieh et al., 2004;
Mason et al., 2000).

1.1.2 Neurons
Neurons are the key component in the CNS, and are derived from neural stem cells in
neurogenic niche where stem cells are retained after embryonic development. In adult
mammals, subventricular zone and hippocampus are the two main sources of neural
stem cells. A typical neuron is comprised by cell body (soma), an axon, and dendrites.
Neurons process and transmit electrical and chemical signals to each other, forming
the neuron network. There are various way of communication between neurons and
glia. Through expression of ATP, GABA, Ca2+, histamine, etc., astrocytes regulate the
synaptic activities and the communication with neurons (Fields and Stevens-Graham,
2002). Oligodendrocytes communicate with neurons via different cell-adhesion
molecules, cytoplasmic adaptor proteins, like contactin and neuronfascin-155, and ion
channels (Simons and Trajkovic, 2006) while microglia depend on cytokines (IL-6,
IL-1β) and chemokines and fractalkines (Sargsyan et al., 2005). MBP can be also
involved in this communication, and the phosphorylation of MBP is stimulated by
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axon-oligodendrocyte signaling pathway and leads to neuron-glia communication
(Atkins et al., 1999).
When injury or infection occurs in nervous system, the consequence to neurons could
be severe and cause serious medical problems. The mechanism of neurodegeneration
along with neurodegenerative disorders is still not fully understood, but most
researchers agree that the neuronal impairment is caused by neuronal loss or neuronal
dysfunction related to myelin structure (Chen et al., 2002; Greffard et al., 2006;
Kordower et al., 2001; Lewin, 1980; Morrison and Hof, 1997; Price et al., 2001; Terry
et al., 1991). Fiber demyelination occurs in neurodegenerative disorders including
Alzheimer’s disease or multiple sclerosis, leading to the loss of communication
between glia and neurons (Fields and Stevens-Graham, 2002).
During development, glia has a strong effect on the migration of neurons by
interacting with diverse molecules via the membrane receptor, forming proper
synaptic network in the CNS. (Fields and Burnstock, 2006).
1.2 Central Nervous System- Pathology
1.2.1 Traumatic brain injury
Traumatic brain injury (TBI) usually leads to long-term disability. A clinical survey
shows that there are 1.6 million patients in the US annually suffering from brain
injury (Ghajar, 2000). TBI affects brain in early and late phases, causing primary
insult and secondary injury. The trauma firstly leads to neuron and glia loss, while the
following symptoms caused by secondary injury are more severe and long lasting,
including hypoxia, ischemia, free radical damage, neurodegeneration, neural
dysfunction and finally cell loss (Povlishock and Katz, 2005; Sahuquillo et al., 2001).
As soon as a lesion occurs in the CNS, an acute immune response takes place,
inflammatory cytokines and chemokines are released to the insult, and the
complement system is also activated, leading to the recruitment of leukocytes and the
initiation and activation of naive glia (Morales et al., 2005). This process can be
maintained from a few days to months. Moreover, astrocytes are activated and a glial
scar is formed around the lesion, which can protect the CNS but can also inhibit
neurogenesis. In autoimmune disease of the CNS, differently from the normal
immune response, sometimes the quick response of immune system may recognize
self-antigens and release damaging radicals, chemicals or proteins to attack infected
CNS cells, thus hypersensitivity and inflammation therefore take place, which turns
out to be secondary injury in the CNS (Ghajar, 2000).
1.2.1.1 Consequences of TBI
Astrogliosis and glial scar formation after TBI
Astrogliosis contributes to glial scar formation. The glial scar barrier separates intact
tissue from the damaged region, protecting healthy parts of the nervous tissue. In
normal healthy CNS, not all astrocytes are GFAP positive, and little or no
proliferation takes place. Every form of CNS insult can activate astrocytes. The
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morphology of astrocytes change and molecules released by astrocytes are also
expressed in a higher or lower level compared to uninjured CNS tissue (Correa-Cerro
and Mandell, 2007; Eddleston and Mucke, 1993; Maragakis and Rothstein, 2006;
Pekny and Nilsson, 2005; Sofroniew, 2005). In mild injury to the CNS, most
astrocytes become GFAP positive but still not proliferating. In severe conditions, such
as trauma or infection, most reactive astrocytes are GFAP positive and the filament of
each astrocyte starts overlapping. Accumulating astrocytes around the injury form
multilayer structure and as a consequence, the glial scar barrier is formed, preventing
the infectious agents from invading the CNS. However, glial scar usually leads to
inhibition of neural regeneration by blocking the axons of neurons, which makes it a
controversy how beneficial the glial scar can be for the injured CNS.
Molecular mediators can be released by any cell types in the CNS after injury,
including neurons, microglia, oligodendrocytes and astrocytes, and these mediators
contribute to glial scar formation (Zhang et al., 2010). Different mediators can either
up-regulate or down-regulate the reaction of astrocytes, including mediators such as
cytokines, growth factors, and sulfated proteoglycans. Among the key regulators are
some members of IL-1 family of cytokines, including IL-1, IL-6 etc., that markedly
attenuate diverse aspects of reactive astrogliosis and results in continuous
inflammation and slower glial formation (Herrmann et al., 2008; Okada et al., 2006).
The glial scar barrier is beneficial to the CNS but may also lead to blocking of axon
outgrowth and extension. Reactive astrogliosis clears toxic molecules, such as
glutamate, NH4+, amyloid β peptides etc. (Bush et al., 1999; Koistinaho et al., 2004;
Rao et al., 2005; Rothstein et al., 1996; Swanson et al., 2004). Moreover, it can also
contribute to blood brain barrier (BBB) repair, and attenuation of reactive astrogliosis
may lead to further infection, increased lesion size, severe neuron loss and
demyelination (Bush et al., 1999; Drogemuller et al., 2008; Faulkner et al., 2004;
Herrmann et al., 2008; Li et al., 2008; Myer et al., 2006; Okada et al., 2006). In
addition, reactive astrocytes can also regulate the expression of pro-inflammatory and
inflammatory factors to the CNS (Zhang et al., 2010). However, the glial scar barrier
can also inhibit the axon extension so that the neural regeneration could be retarded.
1.2.1.2 Immune system responses to TBI
Cytokines are biologically active proteins that are synthesized and released by various
tissues. In the CNS, microglia and astrocytes can also express cytokines. After TBI,
infection may occur in the CNS due to the lesion, and cells responsible for acute
immune system respond quickly and the adaptive immune response is triggered
accordingly. Macrophages and mast cells express cytokines, activating cells like
T-helper cells and B cells, which lead to express various cytokines, resulting in
inflammation.
Pro-inflammatory cytokines, such as IL-1, IL-6 and tumour necrosis factor α (TNF-α)
play essential roles in the immune response activation by recruiting other immune
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cells or initiating a cascade of signaling pathways that finally eliminate the pathogen.
As a consequence, inflammation occurs in the relevant tissue, leading to fever and
vascular changes.
The BBB is highly intensive so that it can protect the brain from pathogens. However,
when there is damage to the CNS, or when pathogens invade the brain through the
BBB, both immune system and the CNS start to respond. Mast cells, macrophages,
eosinophils, basophils, nature killer cells etc. are recruited to the injury and eliminate
pathogens and trigger an adaptive immune response. Moreover, astrocytes and
microglia can also express cytokines into the cytokine network, interacting with
different immune cells, and forming various signaling pathways and feedback loops.
As a consequence, inflammation and immune responses are triggered and pathogens
are eliminated.
1.2.2 Brain tumours and CNS
The CNS controls all bodily functions, so brain tumours dramatically disturb the
neural architecture and cell behavior, and different types or severity of brain tumour
lead to various interference and damages (Vescovi et al., 2006). According to the
World Health Organization classification, brain tumours can be divided into four
grades by the malignancy (Louis et al., 2007). The most malignant glioma is grade IV,
which is called glioblastoma multiforme and the average survival time is 14.6 months
with the treatments combining radiotherapy and chemotherapy (Behin et al., 2003).
Similarly, medulloblastoma is a highly malignant paediatric cancer from cerebellum,
and medulloblastoma is considered as an embryonic tumour (Stupp et al., 2005).
Current literature describes various theories concerning the origin of brain tumours
including gene mutations, genomic instability, metastasis etc. and inflammation can
be also a crucial factor linked to tumourigenesis (Grivennikov et al., 2010). Brain
tumours extrude the brain tissue, leading to injure-like symptoms, and the immune
system also responds to the cancer cells, therefore inflammation may occur as the
consequence. Moreover, it has been suggested that inflammation can increase the
mutation rate and enhance the formation of tumour. Cytokines, such as IL-1β, TNF,
are released as immune response to brain tumour (Sica et al., 2008). Most of these
factors are from the pro-inflammatory cytokine family, making the network
intersected with brain injury. Brain injury and brain tumours share some similar
symptoms and cause some similar immune response, forming a link between brain
tumours and brain injury.
1.3 The Role of IL-33
Interleukin 33 (IL-33) is a newly discovered cytokine in the IL-1 family expressed by
many cell types. It is reported that multiple organs and cell types can express IL-33
mRNA in both humans and mice (Schmitz et al., 2005) while at the protein level, the
main sources of IL-33 are fibroblasts, epithelial cells and endothelial cells (Carriere et
al., 2007; Miller et al., 2008; Moussion et al., 2008; Sanada et al., 2007). ST-2 is a
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protein expressed by many cell types, acting as the receptor of IL-33. There are three
isoforms of ST-2, a membrane-bound receptor, a soluble functional moiety and a
variant ST2 (Liew et al., 2010).
IL-33 is present in two isoforms, a 32-kD protein and an 18-kD protein. The 32-kD
IL-33 functions as a regulator in gene transcription, binding to the acid pocket formed
by histone H2A and H2B, activating or down-regulating transcription (Carriere et al.,
2007).
The 18 kD IL-33 binds to the receptor ST2, which is expressed by various cell types,
activating inflammation and the synthesis of various pro-inflammatory cytokines.
IL-33 is known to be an alarmin in pathological conditions inducing cell stress and
cell death. After the tissue receives the signal of pro-inflammatory stimulation, IL-33
binds to ST2, interacting with Toll like receptor (TLR) and MYD88, and leading to
the expression of many cytokines and chemokines, such as IL-6, TNFα, IL-1β,
CXCL2, CCL2 etc. These factors, accordingly, activate effector immune cells, such as
T-helper cells, and B cells, leading to inflammation (Liew et al., 2010). However,
rather than active secretion, IL-33 is released upon cell necrosis, but whether there are
other secretion ways or how the detail mechanisms should be are still under
discussion (Cayrol and Girard, 2009; Luthi et al., 2009; Ohno et al., 2009;
Talabot-Ayer et al., 2009). Interestingly, not all IL-33, which acts as a cytokine, binds
to the membrane bound ST-2 receptor, but also to the soluble form of ST2 and the
subsequent signaling pathway is inhibited (Hayakawa et al., 2007; Schmitz et al.,
2005).
In the CNS, IL-33 was found to be expressed by cells under both healthy and
pathological conditions (Haga et al., 2003). Astrocytes seem to be one of the IL-33
producers after stimulation in the CNS (Hudson et al., 2008) and various
pro-inflammatory factors are following released by glial cells, indicating that IL-33
may play a significant role in the CNS pathology. Furthermore, the level of IL-33
decreases when there is a neurodegenerative disease in the CNS such as Alzheimer’s
disease.
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2. Materials and methods
2.1 Animals and brain injury
All animal experiments were approved by the local ethical committee in accordance
with the Swedish legislation. Two types of mice (wild type and ST-2 deficient mice)
were performed stab wound injury at Karolinska Institute. In brief, mice were
anaesthetized and subjected to unilateral injury of lateral part of left hemisphere
performed with a cortical contusion impactor and a sharp needle on the depth of 1mm,
and the wound of skin was stitched. The survival times of both groups were 6 hours, 3
days, 1 week, 1 month and 2 months after the injury. Having been anaesthetized, mice
were sacrificed by decapitation and perfused with 4% formaldehyde (FA, fixative).
Extracted brains were post-fixed for 24h in 4% FA and cryo-protected with 20%
sucrose solution in PBS, frozen and stored at -20°C prior sectioning. 10 μm
cryo-sections were prepared from region of injury and surrounding area.

2.2 Cryo-sectioning of mouse brain tissue
The mouse brain tissues were frozen at -25°C. Brains were stabilized via being
embedded into O.C.T Compound and kept frozen in specimen molds at -75°C. The
target of cutting was the entire injury and all the samples were cut as 10 μm sections
under temperature condition at -22°C. 3-4 sections per slide and each brain was cut
into 5-6 slides, stored at -25 °C.

2.3 Human brain tumour cell culture
Five human glioma cell cultures (U3013, U3024, U3028, U3031 and U3034)
established in our laboratory, and two human meduloblastoma cell lines (D283 and
D324), a kind gift of Dr. D. Bigner, were used. Tissue culture dishes were coated with
10 μg/ml laminin and incubated at 37 °C for 30 minutes. Glioma cell lines grew in 1:1
Neurobasal Medium and DMEM F12 with Glutamax Medium, containing EGF, FGF,
N2 and B27. Medulloblastoma cells were cultured in DMEM medium with 10% FBS
and 1% penicillin. Cells were passaged every three days and harvested until around 90%
area of each dish was covered.

2.4 Immunohistochemistry and visualization
Each group (wild type and ST2 knockout mice) were selected 10 sections for neuron
quantification. 4% triple blue solution were applied to sections from mice 1 month
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after injury in both wild type and ST2 Knockout groups, then sections were washes by
80%, 90% and absolute ethanol for 5 minutes each. All sections were mounted by
permanent mounting medium.
Sections were divided into 8 groups (3 days, 1 week, 1 month and 2 months after
injury from both wild type and ST2 Knockout mice), and 30 Sections per group were
used for GFAP, IL-33, and 10 sections for Galectin3 and Olig2 quantification. Two
combinations of antibodies (GFAP+IL-33, Galection3+Olig2) were applied to
cryo-sectioning tissues. All primary antibodies as well as secondary antibody were
diluted in blocking solution (3% BSA, 0.1% Triton in PBS) to final concentration at
5μg/ml and incubated at 4 °C overnight (around 16 hours). Tissues were washed with
PBS twice for10 minutes each time. Secondary antibodies (FITC donkey anti-mouse,
Cy3 donkey anti-goat, and FITC donkey anti-rabbit) were diluted 1:200 in blocking
solution and incubated at room temperature for 1 hour. Tissues were washed twice in
PBS for 10 minutes and Hoest solution (1:1000) were applied on tissues at room
temperature for nuclei staining and incubated for additional 5 minutes. All sections
were mounted with Fluorescent mounting medium. Pictures were taken at the
magnification of 10X in Epi-fluorescence (AxioVision).

2.5 Quantification and statistical analysis
Mosaic images of area of injury were merged automatically in AxioVision and then
analyzed by Image J software. The counting area subjected for quantification of
astrocytes and microglia contains upper half of affected cortex with region around the
injury. Astrocytes, microglia and oligodendrocytes were counted manually while
Image J counted neurons after threshold was set. Total cell numbers, average numbers,
standard deviation of each group were calculated and statistical charts and error bars
were made in Microsoft Office Excel.

2.6 Cell lysis and protein extracts preparation
For total protein extraction, cells in two 10 cm dishes were collected and pellets were
incubated in 300μl RIPA buffer with protein inhibitors on ice for 30 minutes.
Suspension was centrifuged at 13,200 rpm at 4 °C for 15 minutes. Supernatant was
collected as total protein extract.
For cytosolic and nuclear fraction, cells were collected by scraping in ice-cold PBS
and the suspension was centrifuged for 5 minutes at 500g at 4 °C. Pellets were
suspended in lysis buffer at 4 °C for 45 minutes then centrifuged for 5 minutes at
500g. Supernatant was collected as cytosolic fraction while pellets was washed by
lysis buffer and incubated in extraction buffer at 4 °C for 45 minutes. Suspension was
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centrifuged at 15,000g for 30 minutes at 4 °C. Supernatant was collected as nuclear
fraction.

2.7 Protein Measurement and Western Blot
Before running Western Blot, protein concentration in samples was measured by BCA
protein assay (GE Healthcare). Protein samples were mixed with 5μl 2:5 Reduce
Antioxidant and Sample Buffer. Samples were loaded to 4-12% Bris-Tris Gel, at
220V for 50 minutes. Next according to the protocol 14μg of proteins was loaded to
each well as following: total lysis, cytosolic fraction and nuclear fraction for 3 cell
lines (U3013, U3024 and U3034). MES buffer was used as running buffer. Pre-run gel
was transferred to a membrane in Iblot machine for 8 minutes. Membrane was
blocked in 5% milk in TBS-T for 1 hour and incubated in primary antibody (anti
human IL-33, anti lamin A/C and anti β-tublin) at 4 °C overnight. Membrane was
washed 4 times with TBS-T and secondary antibody with conjugated HPR were
applied, and incubated for 1 hour at room temperature. Membrane was washed 4
times with TBS-T and developed followed the protocol of ECL kit. The films with
detected bands were developed after exposure.
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3. Results
3.1 Stab wound injury on mice
To study the role of IL-33/ST2 pathway in traumatic brain injury, the first step was to
use a mouse brain injury model. One way to approach to this aim was using a cortical
contusion impactor (CCI), which could perform a precise injury on the brain and
control the size of the lesion. However, after CCI, injury was massive and affected
numerous brain structures. As a result, the lesion size made the quantification
measurements difficult to perform (Fig. 1A).
To avoid the large cavity formed by the CCI method and instead obtain a minor injury,
we used stab wound injury performed with a sharp syringe needle (25G), at the depth
of 1 mm in the cortex. After the staining by Hematoxilin and Eosin, we assured the
depth and the size is moderate and not deep into the corpus callosum (Fig. 1B).

B

A

Figure 1. TBI Injury models. Injury models by cortical contusion impactor (A) and
by 1 mm needle (B). The lesion operated by cortical contusion impactor is a few times
larger than one performed by a needle, and is deeper even through the corpus
callosum. The latter model keeps the entire corpus callosum.
3.2 Astrogliosis and quantification of astrocytes
To observe astrogliosis and study the correlation between IL-33/ST2 pathway and
astrocyte activation, immunostaining was performed to tissues from ST-2 deficient
mice and wild type mice. After CNS lesion, most reactive astrocytes become GFAP
positive and start to proliferate (Fig. 2B and E). In severe cases such as traumatic
brain injury, reactive astrocytes finally form a condensed barrier, helping the tissues
repairing and also preventing infectious agents from invading the CNS (Fig. 2C and
F). To analyze role of ST2 receptor in astrogliosis as well as glia scar formation after
injury we used ST2-deficient mice and stab wound injury.
Immunolabelling for GFAP showed that astrocytes were activated one week after
injury, and a glial scar was formed around one month after injury in both wild type
and ST2 knockout mice (Fig. 2A-F). The quantification indicated that there was a
peak of astrocyte activation around one week after injury and at two months post
injury, the GFAP expression was diminshed. There was a tendency for a reduced
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number of GFPAP positive cells in the ST2 knockout mice but this was not
statistically significant (Fig. 2G).
3D

1W

1M

ST2-KO
A

B

C

D

E

F

WT

DAPI IL-33 GFAP

G

Figure 2. Immunostaining and quantification of astrocytes. Distinctive
astrocytogliosis were observed after stab wound injury in wild type (WT) and ST2
deficient mice (ST2-KO). At the early stage, there was no difference between two
strains of mice (A and D), then astrocytes undergo proliferation (B and E), and finally
form glial scar (C and F). Obvious but not significant difference in numbers of
astrocytes between two types of mice is summarized in the bar chart (G). All the
pictures were taken at 40X magnification.

3.3 Quantification of neurons
To investigate the relationship between the IL-33/ST2 pathway and neuron number,
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we quantified neurons in tissue from both genotypes one month after injury, when the
glial scar had been formed.
Histochemical labeling with cresyl violet visualizes all the cells including glia and
neurons. However, since neurons are much larger than glia (neurons indicated by
arrows in Fig. 3A and B), which makes it possible to count the neurons image analysis.
We were able to identify numerous neurons undergoing necrosis or apoptosis in area
close to injury (data not shown). All survived neurons were quantified with ImageJ
software with focus on one month after injury. We found that there was trend
decreased amounts of neurons when comparing ST2 deficient mice to wild type mice
(Fig. 3C).
WT 1M
ST2KO 1M

B

A

C

Figure 3. Neuronal quantification. Every picture was selected in the cortex and
around the injury. There is smaller number of neurons in ST2 Knockout mice than
those in wild type. 10 sections per group were used for quantification.
3.4 Quantification of microglia
To investigate how IL-33/ST2 pathway effects microglia activation, galectin-3 was
used for immunostaining and quantitive assay. Activated microglia were stained with

18

an antibody to galectin-3 (Fig. 4A) We could hardly observe activated microglia in
uninjured tissues (data not shown) but our data of injured tissue stanining suggest that
microglia were activated three days after the injury, and there was no significant
difference between wild-type mice and ST-2 deficient mice at this stage after injury
(Fig. 4B). However, one week after injury in wild-type mice, reactive microglia had
increased two-fold (59 cells/section) compared to ST2 deficient mice where no
increase was detected. One month after injury, the number of reactive microglia in
wild-type mice had decreased, and was, similar to that of ST-2 deficient mice.

B

A

Figure 4. Quantification of galectin-3 positive cells. Gelectin-3 labeling of reactive
microglia in tissue sections (A). Wild-type mice show a peak of reactive microglia
one week after injury, and then decrease, whereas ST-2 deficient mice did not show a
similar increase.
3.5 IL-33 expression in brain tumours
To investigate the role of IL-33 in brain tumours, immunostaining of IL-33 was
applied to five human glioma cell cultures, two medulloblastoma cell lines and
sections of a mouse glioma generated by inoculation of GL261 cells. The in vitro
study showed that all the cell cultures were IL-33 positive and almost 100% of the
tumour cells have the staining localized in nuclei (Fig. 5A-G). Interestingly, under the
same exposure time, D283 cell culture shows remarkably stronger signal for IL-33
than the other brain tumour cell lines (Fig.5F).
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Figure 5. IL-33 staining of human glioma and modulloblastoma cell lines. All
investigated human glioma cell lines (A-E) were IL-33 positive with IL-33 located in
the cytoplasm as well nuclei. Similar to gliomas, medulloblastoma cell culture (F and
G) showed IL-33 immunoreactivity in the cytoplasm and nuclei. D283 cells showed
the strongest staining (F). The magnification was 20X.
The in vivo study in mice showed that many non-tumour parts of the brain were IL-33
positive, including the cortex, sub ventricular zone (SVZ) and the cerebellum (Fig.
6A-C). On the contrary, the tumour, cells were negative for IL-33 staining, while the
non-tumour tissue around the neoplastic region showed clear IL-33 expression (Figure
6D). A healthy mouse was used as control, and in the non-neoplastic brain, IL-33
expression was limited to single cells in the parenchyma (Fig. 6E).
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Figure 6. IL-33 staining in a murine brain tumour model. IL-33 labeling showed
mainly IL-33-negative tumour tissue is surrounded by IL-33-positive structures such
as cortex (A); sub ventricular zone (B) and cerebellum (C). Only single IL-33 positive
cells were found in the brain tumour, right side of panel D. In control tissue, we found
no or single IL-33 positive cells (E).
3.6 Study of IL-33 isoforms in CNS and brain tumour
Using mixed glial cultures, we found that glial cells can express both isoforms after
stimulation with LPS (Fig. 7). Using glutamate stimulation, however, mixed glial cell
cultures only displayed the 32 kDa IL-33, the same as in the control group without
any treatment.

Figure 7. IL-33 isoform analysis in mixed glia cultures IL-33 (32 kDa) was found
in all analyzed cell cultures. Only in LPS-treated mixed glia cultures both isoforms 32
kDa and 18 kDa IL-33 were found. C=control, G=glutamate, L=LPS.
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Since glioma is also a type of “injury”, three glioma cell cultures were selected for
protein extraction, including total lysis extraction, cytosolic and nuclear fraction
extraction to investigate the isoforms of IL-33 in vitro. All these cell lines had 32 kD
IL-33 but the sources were different. IL-33 was found in the cytoplasm of glioma cell
lines U3013 and U3034 while in nuclear fraction of U3024 cell line. (Fig. 8)

30KD

Figure 8. Western blot of glioma protein subcellular fractions. IL-33 was only
expressed as the 32 kDa form in the cytoplasm of U3013 and U 3034, and in the
nuclear fraction of U3024. T=Total lysis extraction, C= cytosolic fraction, N=nuclear
fraction.
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4. Discussion
4.1 The IL-33/ST2 pathway in traumatic brain injury
IL-33 is a pro-inflammatory cytokine, which is activated and released at the early
stage of injury. Our study in IL-33 based on the recent in vivo research showed that in
infection by a neurotropic virus (TMEV) mouse CNS induce a significant increase of
IL-33 mRNA in the infected brains (Hudson et al., 2008). In addition, in vitro study
suggested that IL-33 was expressed in a higher level in astrocytes and microglia after
the cell cultures were treated with lipopolysaccharide (LPS) and the production of
many cytokines by microglia were up-regulated after IL-33 induction (Yasuoka et al.,
2011).
In our study, astrocytes formed a glial scar barrier in both wild type mice and ST2
deficient mice. Few GFAP positive cells were seen shortly after the injury (three days),
followed by a prominent GFAP expression one week after injury. One month after
injury, all both ST2 knockout brains and that from wild-type formed a glial scar
barrier, which indicates that the IL-33/ST2 pathway is not mandatory for glial scar
formation. Our quantification of GFAP positive cells shows that there was a peak of
astrocytes, around one week and these numbers had decreased by one month, with
some reactive astrocytes still visible two months after injury (data not shown). Since a
glial scar usually lasts several months or even years to protect neurons, and provide a
stably safe circumstance for tissue repayment. Although the IL-33/ST2 pathway is not
essential in glial scar formation, it is possible that IL-33/ST2 plays a role in traumatic
brain injury because when compared to wild type mice, ST2 deficient mice showed a
trend towards less astrocyte activation. The result was not statistically significant and
thus further experiments are needed to clarify the role for IL-33 signaling in astrocyte
scar formation. IL-33 is expressed by astrocytes in the CNS and released, possibly as
a signal for triggering other cytokine synthesis and secretion.
The quantitative assay for neurons suggested there were fewer neurons in ST2
knockout mice than those in wild-type, one month after injury. Astrogliosis can
protect neurons from continuous damage but can also inhibit axon extension and thus,
neurogenesis could undergo with a lower efficiency. If ST2 deficient mice obtain less
reactive astrocytes and form a weaker glial scar around the injury, neurons around
would be more susceptible to degeneration.
Microglia are key modulators in the CNS, acting as the “life-guard”. In our study,
microglia were in resting stage and no staining could be observed (data not shown)
while microglia were activated after the injury and the microglia cell number of wild
type mice reached a peak at one week, after which it decreased and were back at
initial levels after one month. This phenomenon indicates that microglia play an
active role in protecting the CNS from injury and infection. However, in ST-2
deficient mice, activated microglia showed no peak at one week, suggesting that the
IL-33/ST2 pathway plays a role in microglia activation. Due to the fact that
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IL-33/ST2 pathway regulates the expression of many cytokines and chemokines,
microglia from ST2 deficient mice may lack the key signals for activation. Therefore,
the failure of expressing IL-33 or the blocking of IL-33/ST2 pathway may lead to
severe consequences for the CNS recovery after injury.
4.2 IL-33 in brain tumours
Recent research focus on fluorescent molecular fate-tracking suggests that IL-33 is
released from mechanically stressed fibroblast cells (Kakkar et al., 2012). Brain
tumours are special and severe cases of brain injury, and tumours usually form dense
tissues and dramatically change the surrounding brain structures to induce physical
compression of tissues. To investigate the role of IL-33 in brain tumours and study
whether the cancer cells can express or release IL-33, we used a murine model of
brain tumour (involving GL261 cells) for in vivo study as well as human glioma cell
cultures and medulloblastoma cell lines for in vitro study. Immunostaining results
show that in the brains with glioma, most of the tissue is IL-33 positive, whereas the
tumour territory of this particular tumour was almost negative of IL-33. This suggests
that a growing glioma induces mechanical stress followed by injury and IL-33
expression. However, healthy tissue as a control does not express IL-33; making it
possible that IL-33 only gets activated when injury occurs.
In vitro, the human glioma cell cultures and medulloblastoma cell lines all expressed
IL-33. We assume that the difference to the in vivo tumour may be caused by different
sources of brain tumours, or be due to different species. The other possibility is that in
vitro cell cultures perhaps have different biological and pathological features, and the
culture environment may somehow stimulate the cells to express IL-33.
Previously, we found that after mimicking injury in vitro, mixed glial cell culture
expressed two forms of IL-33, namely the 32 kDa form and the 18 kDa form. To
identify Il-33 isoforms in glioma, three human glioma cell cultures were tested by
western blot, at which only the 32 kD form could be detected. The 32 kDa IL-33 acts
as a transcription factor while 18 kDa form is the cytokine interacting with ST2, and
the lack of 18 kDa IL-33 indicates that glioma may suppress the expression of specific
IL-33 forms and inhibit the function of IL-33/ST2 pathway. The source of 32 kDa
IL-33 can be either cytoplasm or nuclei, but this mechanism of the localization is still
unknown.
Although there are still a number of unknown mechanisms of IL-33 in pathology of
many organs in both human and mammal research, this newly found cytokine is very
promising in applications for treatments of various diseases, such as cardiovascular
diseases, immunotherapy for CNS- and neurodegenerative disorders etc. Studies of
IL-33 may contribute to greater breakthroughs in fundamental research and clinical
treatments.
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