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Zusammenfassung

Neuroinflammation und die damit einhergehende Neurodestruktion sind haufige
Krankheitsbilder in unserer Gesellschaft und stellen ein interessantes
Forschungsfeld, sowie Ziel medikamentdser Therapien dar. Eine Schlusselrolle bei
der Pathophysiologie von Erkrankungen wie Morbus Alzheimer, Morbus Parkinson,
Multiple Sklerose oder Schlaganfall kommt der Blut-Hirn Schranke zu, welche fur
den Schutz sowie die HomoOostase des zentralen Nervensystems von grolder
Bedeutung ist. Myeloperoxidase generiert bei oxidativem Stress mit Hilfe von
Wasserstoffperoxid eine hypochlorige Saure, welche die Vinyletherbindung von
haufig im Gehirn vorkommenden Etherlipiden, so genannten Plasmalogenen,
angreift. Dabei kommt es zur Bildung des chlorierten Aldehyds 2-Chlorohexdecanal
und der chlorierten 2-Chlorohexadecansaure. Wahrend der Entzindungsreaktion
treten die Immunzellen des Gehirnparenchyms, die Mikroglia, in zwei
verschiedenen Polarisationsstadien auf. Studien legen nahe, dass die
klassisch-aktivierte M1  Mikroglia eher proentzindlich wirkt, wahrend
alternativ-aktivierte M2 Mikroglia neuroprotektive Eigenschaften aufweist. Ziel
dieser Diplomarbeit war die Untersuchung des Polarisationsverhaltens von
BV-2 Mikroglia nach Behandlung mit 2-Chlorohexadecanal und
2-Chlorohexadecansaure.

Die metabolische Aktivitat wurde durch den MTT Assay evaluiert und zeigte das
zytotoxische Potential von 2-Chlorohexadecansaure. Des Weiteren wurden Zellen
nach der Behandlung mit 2-Chlorohexadecanal nach verschiedenen Zeitpunkten
mittels Western Blot und Durchflusszytometrie analysiert. Die Ergebnisse dieser
Experimente weisen keine eindeutige Tendenz auf. Anderungen der
Expressionslevels von reaktiven Sauerstoffspezies, Nitriten und Nitraten konnten
Anhand spezieller Nachweisverfahren nicht detektiert werden.

Trotz widerspruchlicher Ergebnisse Uber klassisch und alternativ aktivierte
Mikroglia, steht deren Schlisselrolle bei der Entstehung neurologischer
Veranderungen aufler Frage. Die Erforschung neuroimmunologischer Prozesse
stellt damit einen wichtigen Schritt zur Entwicklung neuer Therapien fur Patientinnen
und Patienten mit neuroinflammatorischen und neurodegenerativen Erkrankungen

dar.




Abstract

Neuroinflammatory disorders and subsequent neurodegeneration are common in
our modern society, thus representing an interesting target of research. The blood
brain barrier, which provides protection and secures homeostasis within the central
nervous system, plays an important role during neurological disorders like
Alzheimer’s disease, Parkinson’s disease, multiple sclerosis or stroke. Studies
showed that during oxidative stress the MPO-H202-halide system generates
hypochlorous acid. This potent oxidant can attack ether-phospholipids, termed
plasmalogens, which are important components of cell membranes and very
common in the central nervous system. Their vinyl ether linkage is destroyed by
hypochlorous acid, resulting in the formation of the a-chloro fatty aldehyde
2-chlorohexadecanal and the a-chloro fatty acid 2-chlorohexadecanoic acid. Under
inflammatory conditions, microglia, the brain resident immune cells, are considered
to occur in two different polarization states. The classically activated
proinflammatory M1 phenotype is believed to be neurodestructive while the
alternatively activated anti-inflammatory M2 microglia was shown to have
neuroprotective potential. The aim of this thesis was to get preliminary insights into
the effects of 2-chlorohexadecanal and 2-chlorohexadecanoic acid on
BV-2 microglia polarization.

For this purpose, cell viability was assessed with the MTT assay, which displayed
the cytotoxic properties of 2-chlorohexadecanoic acid. 2-chlorohexadecanal treated
cells were analyzed by western blot and flow cytometry after different timepoints
post-treatment. The results of these experiments were controversial and remained
inconclusive. No changes in the levels of reactive oxygen species and NO27/NO3s"
were detected after 2-chlorohexadecanal treatment.

Although definitive statements on classically and alternatively activated pathways
cannot be made after these experiments, the important role of microglia is
unquestionable. The understanding of the immunological response in CNS
pathophysiology is key in order to discover better treatment options for patients with

neuroinflammatory and neurodegenerative disorders.

Vi
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1 Introduction

Increasing experimental evidence suggests that transient or persistent damage of
blood brain barrier (BBB) integrity is associated with or can even induce
neurodegenerative diseases. Peripheral inflammation induces activation of
leukocytes that can activate their defense systems against brain microvascular
endothelial cells (BMVEC) that form the morphological basis of the blood brain
barrier. Alternatively, BBB dysfunction can lead to the activation of the innate

immune cells of the central nervous system (CNS), the microglia.

1.1 Blood brain barrier

In humans three different types of barriers ensure homeostasis of the CNS. The
blood-cerebrospinal fluid barrier (BCSFB) is located within the ventricles of the brain
and regulates the interface between blood and cerebrospinal fluid through epithelial
cells of the choroid plexus (1). The blood-leptomeningeal barrier (BLMB) is formed
by endothelial cells of the leptomeningeal vessel in the space between arachnoid
and pia mater (subarachnoid space). The largest and most important part of these
barriers is the BBB, consisting of endothelial cells of parenchymal microvessels (2).
The CNS is considered ‘immunologically privileged’ not only due to its protection by
special barriers, but also because of its unique innate and adaptive immunities.

These characteristics will be described in the following section.

1.1.1 Morphology of the blood brain barrier

The BBB is responsible for various important physiological processes, which require
a perfectly tuned environment within the CNS. These processes involve CNS
homeostasis, protection and supply of nutrients, as well as inflammatory response
in the human brain (3). These important tasks are achieved by a surface area of
approximately 20 m? and a length of the microvascular network of approximately
650 km (4). The cell components of the BBB include BMVEC, astrocytes,
oligodendrocytes, pericytes (PC) and microglia, which altogether form the so called

‘neurovascular unit’ (NVU).




1.1.1.1 Brain microvascular endothelial cells

Endothelial cells of microvessels in the CNS, which differ from peripheral
microvascular endothelial cells, form the anatomic basis of the BBB (3). They
interact with other components of the NVU, regulate metabolism and prevent the
invasion of toxic agents and pathogens. For this cause, BMVEC are connected by
narrow junctions, which make them up to 100 times tighter than peripheral
endothelial cells (5). Interendothelial junctions include tight junctions (TJ) and

adherens junctions (AJ), as well as gap junctions.
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Fig. 1: Morphology of the blood brain barrier

The main components forming the neurovascular unit: BMVEC, basement membrane,
astrocytes, pericytes and immune cells. (From Advanced Drug Delivery Review, 64(7),
Chen Y, Liu L. Modern Methods for delivery of drugs across the blood-brain barrier.
640-665. Copyright 2012)




At the BBB, TJ regulate lateral diffusion between basolateral and apical plasma
membrane domains and paracellular permeability, thus making them the most
important structure for barrier maintenance (3). They are formed by claudins, a
family of 24 TJ proteins known so far, and occludin, a transmembranous protein of
approximately 65 kDa. Claudins, proteins of 20-27 kDa, form the primary seal of TJ,
therefore being responsible for permeability restriction (6). Occludin, which is
believed to provide additional support for claudins (7), ensures high transendothelial
electrical resistance (TEER) and decreased paracellular permeability of BMVEC (8).
Other important molecules of TJ are junction adhesion molecules (JAM), proteins
from the IgG superfamily, which are involved in organizing junctional structure,
cell-cell adhesion, developmental processes and transendothelial migration of
leukocytes (9, 10). Also cytoplasmatic components, such as membrane associated
guanylate-kinase (MAGUK) proteins, serve as signal transduction and recognition
elements (8).

AJ are responsible for a variety of tasks in the BBB. Although paracellular
permeability is mainly restricted by TJ, AJ mediate cell-cell adhesion, cell polarity,
vascular growth and remodeling. AJ are formed by vascular endothelial-cadherin,
which regulates extracellular interactions between neighboring cells and binds to

cytoplasmatic proteins like catenins to stabilize the complex (11).

1.1.1.2 Basement membrane

The specific roles of the basement membrane (BM) are still object of study. First of
all, the extracellular matrix of the basal lamina is anchoring cells of the endothelium
and the CNS and holding them in place. Moreover, it provides a platform for
intercellular interactions and allows adaption to environmental changes. The BM
includes structural proteins (elastin and collagen), specialized proteins (fibronectin
and laminin), proteoglycans, cell adhesion molecules and signaling proteins
expressed by vascular cells, neurons and supporting glial cells. The integrity of this
complex structure, also regarding its composition, is very important for maintenance
of the BBB. Therefore, disruptions of the BM under pathological conditions can lead
to increased endothelial permeability (3).




1.1.1.3 Neurons

The brain is in need of high energy supply through a sufficient blood flow in the
central nervous microvessels. It was believed that neurons regulate blood flow
through vasoactive neurotransmitters such as serotonin, GABA, acetylcholine and
noradrenalin, being the main component of the so called ‘neurovascular coupling’.
However, studies have shown that astrocytes and PC play a prominent role in
modulating microcirculation (12). Attwell et al. (13) showed that PC regulate
constriction and dilation at the capillary level, while astrocytes are mediators
between contractile elements (pericytes and smooth muscle cells) and neurons.
Eventually, the data suggest that both neurons and astrocytes release vasoactive
substances during synaptic activity, including neuromodulators and
neurotransmitters such as catecholamines, GABA, acetylcholine and glutamate.
These neurotransmitters are potent vasoactive mediators, which facilitate
neurovascular coupling, thereby determining nutrient and oxygen supply of the
CNS.

1.1.1.4 Astrocytes

Astrocytes play a critical role in BBB function, since they provide a cellular link
between BMVEC, which they almost completely ensheath with their endfeet and
neurons, thereby mediating many different processes in the BBB. Their star-shaped
morphology allows them to get into physical contact with a great number of
neighboring cells, also including other glia cells of the NVU, through thousands of
connections via their endfeet processes. Astrocytes are involved in the supply of
substrates and energy in neurotransmission, recycling of neurotransmitters and
ions, regulation of brain homeostasis and control of neuronal function (14). The role
of astrocytes in brain vascularization remains unclear, since studies showed intact
barrier function after extensive astrocyte loss (15). However, one study showed
disruption of barrier integrity due to focal loss of astrocytes (16).

Astrocytes contain aquaporin 4 as well as dystrophin and dystroglycan, which links
the cytoskeleton to the BM binding agrin (17). They secrete a large number of
substances like chemokines, growth factors, and peptides modulating TJ, enzyme
and transporter systems. Many of them, such as basic fibroblast growth factor
(bFGF) and TGF-B1, were shown to play an important role in barrier

permeability (14).




1.1.1.5 Pericytes (PC)

Like vascular smooth muscle cells, PC belong to the group of mural cells of the BBB.
In contrast to the peripheral vasculature with a pericyte:endothelial cell ratio of
1:100, the PC:EC ratio in brain microvessels is estimated between 1:3 and 1:1 (18).
PC are embedded in the BM, connected with the endothelium by so called
‘peg-and-socket junctions’, incompletely covering the walls of the microvasculature.
Due to a lack of specific markers produced by PC, their role in the BBB is not clear.
Studies have shown that contractile proteins of PC can change the flow of blood in
the vessels of the CNS (19). Besides regulation of blood flow, PC play an important
role in angiogenesis, immune cell infiltration, mechanical stabilization and
deposition of extracellular matrix (17). Since they express occludin, an essential
protein for TJ, PC are believed to be an important stabilizer of BBB integrity (20).
Eventually, BMVEC, astrocytes and PC influence each other. Although little is
known, it has become clear that these tricellular interactions, for example via
increased TEER or protein expression, have great effects on BBB permeability and
CNS homeostasis (21-23).

1.1.1.6 Immune cells

Important cells of BBB integrity include leukocytes, which regulate inflammatory and
immune response. Microglia, which are derived from a primitive yolk sac and
represent the resident immune cells within the CNS parenchyma, are discussed in
section 1.4, as their role in neuroinflammation was object of this thesis.

Macrophages, leukocytes and neutrophils are derived from blood-borne progenitor
cells and are located in the CNS vasculature. If activated, they can interact with the
endothelium and enter the brain parenchyma by passing the BBB. Their main
function is injury and infection response via phagocytosis, antigen presentation,
release of proinflammatory cytokines or release of reactive oxygen and/or nitrogen
species (ROS, RNS) that are able to kill pathogens, but can also induce damage to
bystander cells. As these cells are an important part of immune modulation, they
are critical for BBB integrity and in the development of neuroinflammation and

neurodegeneration.




1.1.2 The blood brain barrier in health and disease

BBB, BCSFB and BLMB ensure a homeostatic environment, which is required for
proper electrical activity of neural networks in the CNS. In this section, the
physiological and pathophysiological role of the BBB will be described. Besides the
vascular endothelium and BM, which prevent the invasion of toxins and pathogens,
the brain parenchyma is protected by immune cells, especially T-cells. In order to
migrate across the BBB, a well-organized mechanism that rigorously controls
leukocyte transmigration is required. Under non-inflammatory conditions the
number of peripheral immune cells is well regulated and therefore lower compared
to that of other organs (24). However, during pathophysiological processes, e.g.
multiple sclerosis (MS) or stroke, immune cells are able to cross these barriers
causing neuroinflammation.

Leukocyte diapedesis across the BBB is achieved by sequential steps interacting
with the endothelium of post-capillary venules. Initially, circulating leukocytes tether
to the endothelial cells mediated by adhesion molecules of the selectin family (E-,
L- or P-selectin) or a4-integrins. Endothelial counter receptors include P-selectin
glycoprotein ligand (PSGL-1), vascular cell adhesion molecule-1 (VCAM-1) and
mucosal addressin cell adhesion molecule-1 (MAdCAM-1). After the initial contact,
leukocytes reduce their velocity and roll along the vessel. Chemokines presented
by endothelial cells bind to G-protein coupled receptors (GPCR) on immune cells
increasing their affinity and avidity. Adhesion is accomplished via ligands of the IgG
superfamily including intracellular adhesion molecules (ICAM-1, ICAM-2), VCAM-1
and MAdCAM-1. The last step is transmigration through the endothelium into the
perivascular space. This is achieved by two different pathways, either paracellular
through endothelial junctions or transcellular through pore like structures (25).
Behind the BBB, leukocytes recognize antigens on antigen presenting cells (APC)
triggering inflammation through cytokines and recruitment of additional immune
cells (26).

Although neuroinflammation is a protective reaction of the organism, it became clear
that uncontrolled invasion of leukocytes leads to persistent inflammation and
eventually neurodegeneration. BBB integrity can be compromised through physical
injury, inflammatory or degenerative processes causing hypoxia and invasion of

cells driving the immune response, resulting in a vicious circle.




Important contributing factors are ROS, RNS, TNF-a, IL-1B, IFN-y as well as
vasoactive mediators like bradykinin, histamine, nitric oxide (NO) and matrix
metalloproteinases. Cells involved in the inflammatory response are mainly
BMVEC, activated microglia, astrocytes and macrophages (27). Other substances
influencing BBB integrity are oxidative degradation products from unsaturated lipids,
e.g. reactive aldehydes (with the prototypic member 4-hydroxy-2-nonenal) following
oxidative stress. In addition, the expression of prostaglandins (PG), leukotrienes and

platelet activating factor (PAF) can compromise BBB function (28).

1.1.3 Myeloperoxidase and BBB function

Under inflammatory conditions the brain is under attack of reactive chemical species
that compromise BBB function (29). Neuroinflammatory and neurodegenerative
syndromes such as Parkinson’s disease (PD) and Alzheimer’s disease (AD) are
chronic disorders which manifest later in life. Their pathophysiology is associated
with oxidative stress that contributes to protein and/or lipid modification and
subsequent disruption of cellular homeostasis (30). It was demonstrated that
myeloperoxidase (MPO) (which is undetectable in a healthy brain) is abundantly
expressed in PD and AD, but not in normal human brain (31, 32). MPO was also
localized in plaques of MS patients (in white and grey matter) (33). In experimental
autoimmune encephalomyelitis (EAE), a mouse MS model, a paramagnetic sensor
that is activated specifically by MPO (34) was utilized to reveal MPO activity in the
brain (35). In preclinical models MPO was identified as a potential therapeutic target
in stroke (36) and MPO could also be responsible for barrier dysfunction, as
observed in bacterial meningitis (37, 38).

Under physiological conditions MPO is considered a front-line defender against
phagocytosed microorganisms (39). The MPO-H202-halide system generates the
potent oxidant hypochlorous acid (HOCI; among other pseudo-halides depending
on the availability of co-substrates) that is primarily responsible for the microbicidal
action of neutrophils. However, there is now compelling evidence that under chronic
inflammatory conditions MPO-derived HOCI attacks amino acids, proteins, nucleic
acids, carbohydrate components as well as lipids (40). Among the lipid targets that
are subject to HOCI modification are ether-phospholipids (EP), so called
plasmalogens that are highly abundant in the CNS and essential for normal brain

function.
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MPO derived HOCI attacks the vinyl ether bond of plasmalogens in BBB cells forming a
lysophospholipid and the a-CIFALD 2-CIHDA, which is further oxidized to the a-chloro
fatty acid 2-CIHA. (Modified from W. Sattler)




1.2 Plasmalogens

Plasmalogens, which belong to the group of glycerophospholipids (GP), are
important plasma membrane lipids responsible for proper membrane structure and
function. Thus, under pathophysiological conditions their malfunction is associated
with neuroinflammation and neurodegeneration.

Plasmalogens are characterized by their polar head group at the sn-3 position of the
glycerol backbone, mainly being ethanolamine. A fatty alcohol is connected via a
vinyl ether linkage at the sn-1 position. The fatty alcohols are mainly C16 and C18
species linked via a 1-0-alkenyl ether bond (plasmanyl GP) or 1-0-(1Z-alkenyl) bond.
The latter compounds are called plasmalogens. At the sn-2 position, EP carry a
polyunsaturated fatty acid, e.g. docosahexaenoic acid or arachidonic acid. They are
synthesized on the luminal side of the peroxisomal membrane by matrix enzymes
glyceronephosphate-O-acyltranferase and alkylglycerone phosphate synthase.
Plasmalogens make up for 15-20% of total phospholipids in cell membranes, being
especially abundant in the brain, the heart, neutrophils and eosinophils. Besides
their role in cell membranes, they are important components of intracellular
organelles such as ER, mitochondria and nuclei.

In neurodegeneration, plasmalogen deficiency following loss of peroxisome function
and degradation by ROS promotes further neurodestruction. Increased lipid
oxidation, for example during chronic inflammation, type Il diabetes or metabolic
syndrome, is related to low plasmalogen levels (41). Furthermore, plasmalogens
enriched in leukocytes are attacked by HOCI due to their sensitivity of the vinyl ether
bond. The resulting a-chloro fatty aldehydes (a-CIFALD) emerge as important

modulators of the inflammatory response (see below).




1.3 Chlorinative stress and chlorinated species

The human brain is prone to oxidative stress due to its high oxygen metabolic rate
and high concentrations of polyunsaturated fatty acids. This is an important fact for
understanding the pathophysiology of neuroinflammatory diseases. Phagocytes,
such as microglia or macrophages, produce oxidants resulting in the production of
HOCI, which causes tissue destruction, cell damage and apoptosis (42). The
MPO-H202-halide pathway uses hydrogen peroxide (H202) (generated via
NADPH-oxidase and superoxide dismutase) as a substrate to oxidize the halides
and pseudohalides to their corresponding hypohalous acids (43). In case of CI-, the
end product of this cascade is HOCI, which attacks plasmalogens to form
a-CIFALDs and a remnant lysophospholipid. The prototypic a-CIFALD is
2-chlorohexadecanal (2-CIHDA; for review see (44)) which is oxidized to
2-chlorohexadecanoic acid (2-CIHA), an a-chloro fatty acid.

2-CIHDA accumulates in activated neutrophils (45) and is elevated in atherosclerotic
plague material and upon myocardial infarction (46, 47). 2-CIHDA induces
neutrophil chemotaxis (45), endothelial dysfunction (48), inhibits endothelial nitric
oxide synthase (eNOS) activity (49) and activates cyclooxygenase-2 (COX-2) via
NF-kB-mediated pathways (50). An earlier study demonstrated that a single
peripheral lipopolysaccharide (LPS) injection in mice resulted in significantly
elevated cerebral MPO protein levels. This treatment induced the formation of
2-CIHDA, which led to a significant decrease of brain plasmalogen content (51).
This presumably leads to a translation of peripheral inflammation to deeper regions
of the brain, corroborated by the fact that peripheral inflammation in mice induces
significantly elevated levels of MPO and 2-CIHDA in treated animals. This
MPO-derived chlorinated fatty aldehyde can trigger apoptosis and ER stress and
might produce detrimental effects in the CNS.

These events would trigger the activation of microglial cells and promote localized
damage to oligodendrocytes and the myelin sheath, ultimately compromising

myelination and the integrity of neural circuits.
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1.4 Microglia

The CNS is a unique environment concerning anatomical specialties such as the
choroid plexus and meninges as well as immunological specialties, such as lack of
lymphatic vessels or reduced ability to present antigens (52). Within these
surroundings specialized innate cells, including microglia, macrophages and
dendritic cells (DC), are necessary. The most common innate immune cells in the
brain parenchyma are microglia. These so called ‘tissue-resident macrophages of
the CNS’ account for 10-15% of all glial cells (53). Their development, function and

role in pathophysiological processes will be described here.

1.4.1 Microglia development

Early studies propose that microglia is of hematopoietic origin and derive from
circulating monocytes entering the CNS parenchyma and converting to
microglia (53). In the 1990s experiments could locate microglia precursors during
embryogenesis in the yolk sac and the brain rudiment on embryonic day 8 (54).
However, the origin did not become evident until 2010 when Ginhoux et al. (55)
detected primitive macrophages originating from the embryonic yolk sac. Depending
on heart activity and therefore blood flow, these progenitor cells reach and colonize
the brain rudiment becoming microglia. At a later stage, this hypothesis was
supported by other experiments (56, 57).

Microglia development and homeostasis are modulated by various molecules like
transcription factors, growth factors, chemokines and microRNAs, maintaining a
balance between cell proliferation and apoptosis. Among those factors, Runx1, a
transcription factor, regulates several genes in embryonic and adult hematopoiesis.
At embryonic day 6.5 Runx1 is expressed and yolk cell derived precursor cells
migrate to the CNS and become microglia. At postnatal day 10 microglia transform
from amoeboid to ramified stage coinciding with downregulation of Runx1.
A different transcription factor, PU.1, plays a key role in maturation of
yolk-sac-derived progenitors in embryonic development, but was also shown to
promote maturation of myeloid cells during inflammation and stress (58). Other
factors in microglial differentiation and homeostasis are
Interferon regulatory factor 8 (IRF-8) modulating transcription and controlling the
state of activation and CSF1R regulating cell survival, development and

chemotaxis (for review see (53)).
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1.4.2 Microglia physiology

In the developing and adult CNS, microglia both influence neuronal survival as well
as neuronal death and synaptogenesis, maintaining health and vital homeostasis.
By secreting insulin-like growth factor-1 (IGF-1) many cell lineages of the CNS like
oligodendrocytes are protected from apoptosis (59). Other trophic factors, such as
nerve growth factor, brain-derived growth factor, bFGF and platelet-derived growth
factor secreted by microglia, facilitate neuronal health and survival throughout life.

The role of microglia as inducers of programmed cell death during development is
equally important. During CNS development, neurons with defective differentiation
or migration need to be eliminated. Microglia can initiate apoptosis by releasing ROS
and are able to phagocytose the resulting neuronal debris. One interesting aspect
about microglia response is their ability to induce neuronal death without causing an
inflammatory response. This is achieved via triggering receptor expressed on
myeloid cells-2 (TREM2) signaling inducing cytoskeleton reorganization and
phagocytosis. In addition, TREM2 represses transcription of proinflammatory
cytokines like TNF-a and IL-1f3, but also inducible nitric oxide synthase (iNOS) (60).
Besides their role in neuronal survival and death, microglia participate in
synaptogenesis and synaptic homeostasis. During CNS development, DAP12, a
transmembrane immune receptor protein expressed by myeloid and lymphatic cells,
leads to enhanced synaptic function and plasticity. Experiments in mouse brains
revealed that DAP12 expression is restricted to microglia suggesting a crucial role
in synaptic homeostasis (61). By remodeling synaptic architecture as well as
regulating dendritic spine numbers, synapse densities and glutamatergic receptors,
microglia have a direct impact on synaptic activity (62, 63). In addition to these
findings, microglia seems to be modulated by the complement system. It appears
that synaptic complement activation is linked to neuronal apoptosis and
phagocytosis, promoting synaptic connections in the developing brain (64).
Altogether, these data indicate that various effects of microglia are responsible for

maintaining health in the CNS.
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1.4.3 M1 and M2 polarization

For a long time it was believed that two states of microglia existed to maintain
homeostasis and therefore a healthy CNS. There was resting and activated
microglia, which were supposed to regulate environmental changes, such as
neuroinflammation and neurodegeneration. Over time, studies showed that
activated cells mainly occur in two different types of polarization (65). Classical
activation, so called M1 microglia, is characterized by producing ROS and cytokines,
e.g. TNF-a, IFN-y or IL-6, therefore driving a proinflammatory response (66). The
alternatively activated M2 microglia have been shown to downregulate inflammation
via protective proteins, such as ornithine, YM1, and polyamine synthesis as well as
upregulating phagocytosis and restoring homeostasis (67). Although the
M1/2 paradigm, which was originally developed for T cells and macrophages, does
not fully apply to microglia, it is a valuable nomenclature to differentiate between
neurotoxic and neuro-regenerative states of these cells.

The phenotypes of the different polarization states are described in this section,
because they are important for understanding the role of microglia in
neuroinflammation. Key tasks of M1 cells are eliminating intracellular pathogens and
antigen presentation. Main receptors expressed are MHC Il, CD86 and Fcy, leading
to an increased antigen presenting activity and communication with other immune
cells. Additionally, the M1 phenotype is characterized by production of
proinflammatory cytokines such as IL-12 (68), reactive oxygen and nitrogen species
and NO (69), which is synthesized by INOS (70).
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M2 microglia is not uniform, but rather forms a diverse group of cells sharing the
same profile of mediator or receptor expression downregulating inflammation and
maintaining homeostasis (71). One of the main M2 specific markers is
arginase 1 (Arg1), which can downregulate NO production, thereby representing a
counterpart of INOS. Other markers used for M2 classification are CD206,
a mannose receptor, which is not expressed in parenchymal microglia (72), YM1,
a heparin-binding lectin, FIZZ1, a promoter of extracellular matrix deposition and
TREM2. Studies mostly carried out in the periphery identified three different
subtypes of M2 microglia based on their induction by cytokines. M2a, mainly
triggered by IL-4 and IL-13, modulate upregulation of Arg1 and phagocytosis, having
a great anti-inflammatory impact (73). M2b, induced by immune complexes and
toll-like receptors (TLR), seem to be close to M1-like microglia and are the least
understood subtype. Experiments suggest that M2b macrophages, although
included in the group of alternatively activated phagocytes, express some marker
proteins that are also found in M1 cells. (74). The third activation state, M2c
microglia, also described as ‘deactivated’ macrophages, are induced by IL-10,
TGF-B and glucocorticoids (73). They appear to play an important role in tissue
remodeling and matrix deposition after the inflammatory response has been
downregulated (75).

Although there are many remaining questions about microglia polarization, it can be
assumed that classical and alternative activation has a great impact in brain
pathophysiology. Therefore, they are object of study and interesting targets of
pharmacological therapy in CNS disorders, such as stroke, AD and MS. In acute
neuroinflammation, e.g. after spinal cord injury, Kigerl et al. (76) observed an initial
expression of M1 and M2 markers, favoring a balance between pro- and
anti-inflammatory conditions. However, three days after the injury M2 markers were
downregulated as M1 related proteins remained on higher levels, leading to
extended damage and lack of repair. Similarly, studies demonstrated increased
expression of M1 markers, such as proinflammatory cytokines, after traumatic brain

injury and decreased levels of the M2 marker Arg1 (77).
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Chronic neuroinflammatory disorders like AD and MS lead to excessive destruction
of brain parenchyma resulting in neurodegeneration. Most MS patients show the
remitting type of the disease, suffering from inflammation and demyelination with
intermittent periods of remission. This form often proceeds to secondary progressive
MS (78). While the origin of MS remains unclear, it was shown that Th1 and Th17
cells modulate inflammation leading to expression of IFN-y and TNF-a inducing
proinfammatory M1 cells (79). Prolonged inflammation regulated by
proinflammatory cytokines and inhibition of neuroprotective M2 cells results in
axonal demyelination and neurodegeneration, while M2 proteins like IL-10 or IL-33
were shown to decrease the toxic effects on oligodendrocytes, which form the
myelin sheath of axons (80).

AD is characterized by neurotoxic plaques formed by amyloid B (AB) and
hyperphosphorylated Tau protein causing massive neuroinflammation and
ultimately amnesia. Experiments in rat CNS suggest the ability of M2 microglia to
phagocytose AB (81). However, TNF-a and IFN-y, cytokines expressed by M1 cells
were shown to inhibit this process favoring inflammation (82).

A lot more in vivo studies on microglia polarization as well as phenotypes and effects
have to be carried out until definitive statements can be made about neuroprotection
and neurodestruction by M1 and M2 macrophages. Nevertheless, the data suggest
an anti-inflammatory role of alternatively activated microglia, enabling a better
understanding of the pathophysiology of neuroinflammation as well as therapeutic

modalities in CNS disorders.
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2 Hypothesis and aims

Unraveling the pathophysiological mechanisms of neuroinflammation is important
for the development of new and targeted treatment modalities to improve disease
outcome and avoid consequential damages.

Microglia plays an important role in neuroinflammation and is therefore an
interesting target of study. While it has been widely accepted that these
tissue-resident macrophages occur in a classically activated M1 and an alternatively
activated M2 polarization, the complex roles of the activation states have yet to be
unraveled. While M2 was shown to be rather neuroprotective, M1 could have a
proinflammatory potential. During oxidative stress the potent oxidant HOCI derives
from the MPO-H202-halide system and attacks the vinyl ether bond of plasmalogens
to form 2-CIHDA and 2-CIHA. The role of these products deriving from chlorinative
stress was object of this thesis.

The aim of this pilot study was to characterize initial effects of 2-CIHDA and 2-CIHA
on cell viability and how 2-CIHDA affects polarization states of BV-2 microglia over
time by analyzing specific markers. Both chlorinated species were expected to
reduce cell metabolism. Moreover, it was presumed that 2-CIHDA would rather
induce classically activated M1 polarization favoring a proinflammatory

environment.
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Fig. 3: Effects of 2-CIHA and 2-CIHDA on BV-2 microglia polarization states
Object of this thesis were the effects of 2-CIHA and 2-CIHDA on cell viability and
polarization states of microglia.
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3 Materials and methods

3.1 Materials

3.1.1 Immortalized BV-2 mouse microglia

BV-2 (mouse, C57BL/6, brain,
microglial cells)

3.1.2 Plastic- and glassware

Cell culture flasks
Pipette tips

Micro test tubes
Vials

Centrifuge tubes
Microwell plates

Cell scrapers

3.1.3 Laboratory equipment

Pipettes

Multi stepper

Centrifuge

Cell counter

Electrophoresis chambers

Victor 1420 multilabel plate reader

Guava easyCyte flow cytometer

3.1.4 Other laboratory materials

PVDF membrane
Nitrate/nitrite colorimetric assay kit

Cellular ROS detection assay kit

Banca Biologica e Cell Factory, Italy

Greiner Bio One, Germany
Greiner Bio One, Germany
Greiner Bio One, Germany
Greiner Bio One, Germany
Greiner Bio One, Germany
Greiner Bio One, Germany

Greiner Bio One, Germany

Gilson, Inc. USA

Eppendorf, Austria

Eppendorf, Austria

Thermo Fisher Scientific, USA
Bio-Rad, USA

Perkin Elmer, USA

Merck Millipore, Germany

GE Healthcare, UK
Cayman Chemicals, USA
Abcam, UK
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3.2 Media and reagents

3.2.1 Media and reagents for cell culture and treatment

RPMI 1640

Fetal calf serum
Trypsin
Penicillin/streptomycin
0,2% DMSO
2-CIHDA

2-CIHA

Trypan blue

Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
GE Healthcare, UK
Sigma-Aldrich, USA
Synthesis Sattler lab
Synthesis Sattler lab

Thermo Fisher Scientific, USA

3.2.2 Buffers and solvents for MTT assay

MTT stock solution

Lysis buffer

1.2 mM, dissolved in serum-free
medium

Isopropanol/1 M HCI, 25:1 (v/v)

3.2.3 Buffers and solvents for SDS-page and western blot

RIPA buffer

Aprotinin

Pepstatin

Leupeptin

PMSF

BCA protein assay kit
Sample buffer pH 6.8

B-mercaptoethanol

Acrylamid

Separating gel buffer pH 8.8

50 mM Tris HCI 1%
1% nonoxinol 40
150 mM NaCl

1 mM Na3VvO2

1 mM NaF

1 mM EDTA

Carl Roth, Germany
Carl Roth, Germany
Carl Roth, Germany
Carl Roth, Germany
Thermo Fisher Scientific, USA

0.1 M Tris-HCI
4% SDS

15% glycerol
dH20

Sigma-Aldrich, USA

30g acrylamide
0.8g bisacrylamide
dH20

18.2g Tris
dH20
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Protein molecular weight marker

10x SDS running buffer pH 7.4

10x Blotting buffer

Ponceau S

Blocking solution pH 7.4

10x Washing buffer pH 7.4

ECL western blotting detection kit

Stripping buffer

3.2.4 Reagents for Flow Cytometry

Protein block
Antibody diluent

3.2.5 Antibodies

Arginase-1 antibody

iINOS antibody (mouse specific)
COX-2 (C-10): sc-1745
Monoclonal anti-B-tubulin
Monoclonal anti-B-actin

PE rat IgG2a, Kk isotype control
PE anti-mouse CD40

PE anti-mouse CD206

Goat anti-rabbit IgG-HRP

Thermo Fisher Scientific, USA

30.3g Tris
150.1g glycine
10g SDS
dH20

12.1g Tris
30g glycine
dH20

Sigma-Aldrich, USA

5g powdered milk
dH20

5g Tween
90g NaCl
12.1g Tris
dH20

GE Healthcare, UK

2g SDS
100mM NaOH
0.5g DTT

Thermo Fisher Scientific, USA

Dako, Denmark

Cell Signaling Technology, USA
Cell Signaling Technology, USA
Santa Cruz Biotechnology, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
BioLegend, USA

BioLegend, USA

BioLegend, USA

Thermo Fisher Scientific, USA
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3.3 Methods

3.3.1 Thawing cells from liquid nitrogen

The BV-2 cells were stored in liquid nitrogen and therefore needed to be thawed
gently. After removing them from the storage Dewar they were quickly put in a 37°C
water bath. After being mixed with 4 ml of growth medium, they were centrifuged at
900 rpm (revolutions per minute) for four minutes. The supernatant was discarded
(to remove the cryoprotectant dimethyl sulfoxide (DMSQO)) and the cells were plated
with growth medium (RPMI 1640) and stored in the incubator at 37°C in a 5% CO:2

atmosphere.

3.3.2 Splitting cells
Growth medium (RPMI 1640), phosphate buffered saline (PBS) and trypsin were

warmed up in a water bath (37°C) for 20 minutes. After the growth medium was
removed from the flask, 13 ml of PBS were used to wash the cells. The PBS was
removed, 2 ml of trypsin were added and the flask was placed on the heating plate
for one minute to detach the cells from the bottom. The suspension was mixed with
6 ml of warm growth medium and centrifuged at 900 rpm for four minutes. After the
supernatant was discarded, the pellet was mixed with 20 ml of growth medium. For
counting, 20 pl of trypan blue and 20 pl of cell suspension were mixed and counted
automatically in a cell counter. According to the number of cells 1 ml of cell

suspension was pipetted into a microwell plate.

3.3.3 Cell treatment

Before and during cell culture experiments BV-2 cells were incubated in serum-free
RPMI 1640 medium supplemented with penicillin/streptomycin and glutamine at
37°C (5% COz2). 2-CIHDA and 2-CIHA were prepared as stock solutions in DMSO
and applied to BV-2 microglia at the indicated concentrations and for the indicated
time periods in serum-free culture medium. The final concentration of DMSO in the

medium was 0.2% (v/v).
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3.3.4 MTT assay

The MTT assay was used to monitor metabolic activity and cell proliferation in
BV-2 cells treated with 2-CIHA and 2-CIHDA. The yellow tetrazolium compound
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) is reduced to
purple formazan crystals, which are only developed in living and early apoptotic
cells. This color change can be measured by using a plate reader.

BV-2 cells were plated in 96-well plates (20,000 cells per well) and cultivated for
24 hours before they were treated with 2-CIHA or 2-CIHDA in serum-free medium
at the indicated concentrations for the indicated time periods. MTT was added to the
cells (100 pl per well) and incubated for three hours at 37°C under standard
conditions. The cells were washed with PBS and cell lysis was performed with 100 pl
lysis solution on a rotary shaker (1,200 rpm, 15 min). Absorbance was measured at

570 nm on a multilabel reader and corrected for background absorption (650 nm).

3.3.5 SDS page and immunoblotting

For western blot analysis, cells were lysed in 50 ul RIPA buffer containing a protease
inhibitor cocktail and phenylmethylsulfonyl fluoride (PMSF). After keeping the micro
test tubes on ice for ten minutes, the samples were centrifuged at 13,000 rpm for
ten minutes and the supernatant was collected. Protein concentration was
determined using the Thermo Fisher Scientific BCA protein assay kit according to
the manufacturer's instructions. The samples were suspended in sample buffer plus
1% B-mercaptoethanol (1:2) and frozen at -20°C. The proteins were separated by
SDS-PAGE (10 or 15%; 130 V) and transferred to PVDF membranes (150 mA,
1.5 h). Immunochemical detection of Arg1, INOS and COX-2 was performed with
sequence-specific 1IgGs as primary antibodies (diluted 1:1000). Immunoreactive
bands were Vvisualized with horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG (dilution 1:5000) using the ECL-detection system. Luminescence
was detected using a ChemiDocMP system (BioRad), followed by densitometric

analysis with the ImagelLab software (BioRad).
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3.3.6 Flow cytometry

Flow cytometry was used in order to assess the expression of CD40 and CD206 in
microglia cells. BV-2 microglia cells were seeded in duplicate onto six-well plates at
a density of 2.5x10° cells per well. After overnight serum starvation, cells were
incubated in the presence of 2-CIHDA for 16, 24 and 48 hours. The cells were then
collected, blocked using the Ultra V Blocker (Thermo Fisher Scientific) and
incubated with PE anti-CD40 or PE anti-CD206 antibody (1:100). Finally, they were

fixed and measured using a Guava easyCyte 8 Millipore flow cytometer.

3.3.7 Cellular ROS detection assay

The ROS assay was performed according to the manufacturer’s instructions. ROS
formation was examined using fluorescent DCF. Rather than being a radical species
selective probe, DCFDA (after hydrolysis to dichlorofluorescein and internalization)
is converted to fluorescent dichlorodihydrofluorescein by several reactive radical
species and allows assessment of general oxidative stress (83). BV-2 cells were
plated and cultivated in 12-well plates. The cells were serum starved overnight and
then incubated in the absence or presence of 5 yM 2-CIHDA at 37°C for the
indicated time periods. One hour prior to completion of the treatment, DCFDA was
diluted at 2x of the final concentration desired in the same media used for treatment
and warmed to 37°C. 45 minutes prior to completion of the treatment, the cells were
supplemented with 2x DCFDA dilution and the plates were returned to the incubator.
Finally, the plates were transferred to the microplate reader without washing and

fluorescence intensity was measured at 540 nm on a Victor 1420 multilabel counter.
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3.3.8 Nitrite/nitrate colorimetric assay

Under inflammatory conditions, NO is produced by macrophages and microglia,
among other cells, such as hepatocytes and fibroblasts. The end products are nitrite
(NO2) and nitrate (NOs). To get an indication about INOS activation in
2-CIHDA-treated BV-2 cells, the detection kit was used according to the
manufacturer’s suggestions. The nitrite/nitrate level in both the culture media and
the cells was quantitated by using this colorimetric assay.

First a standard curve was established by using 1 ml of 200 yM stock solution
(0.9 ml assay buffer and 0.1 ml nitrate standard). For the assay 8 ul of the samples
were pipetted in a 96-well plate and diluted with 72 pl of assay buffer (1:10). Two
wells were filled 80 pl of the standard solution. 10 pl of enzyme cofactor mixture and
10 ul of nitrate reductase mixture were added to each of the wells. After covering
and incubating the 96-well plate, 50 pl of Griess reagent R1 and 50 pl of Griess
reagent R2 were pipetted into the wells. As blank 200 ul of water was used. After
ten minutes of development at room temperature, the absorbance was measured at

540 nm using a Victor 1420 multilabel counter.
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4 Results

This diploma thesis was thought to be a pilot study in order to get first indications on
whether MPO-generated plasmalogen-derived oxidation products can affect

microglia polarization states.

4.1 2-CIHDA and 2-CIHA reduce viability of BV-2 microglia

In order to get first indications about potential cytotoxic properties of 2-CIHDA and
2-CIHA, the metabolic activity of BV-2 cells was assessed using the MTT test. The
results of these experiments are displayed in Figure 4. These data show that
2-CIHDA severely decreased MTT reduction starting at 10 yM after 3.5 hours and
half maximal viability was observed at 25 yM 2-CIHDA. After 24 hours BV-2 cell
viability was significantly reduced, following treatment with 5 uM 2-CIHDA, while
higher concentrations resulted in cell necrosis and completely detached cells (data
not shown).

In contrast to 2-CIHDA, 2-CIHA displayed a higher cytotoxic potential after 3.5 and
24 hours of incubation. While 1 uM of the acid was without effect on cell viability
after 3.5 and 24 hours, higher concentrations of 2-CIHA drastically reduced or even

obliterated metabolic viability in BV-2 microglia.
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Fig. 4: Effects of 2-CIHDA and 2-CIHA on viability of BV-2 microglia

Cell viability was assessed with the MTT assay. MTT reduction is expressed as % of
vehicle (0.2% DMSO, final concentration, ‘v’). Serum starved cells were treated with (A)
2-CIHDA or (B) 2-CIHA at the concentrations and for the times indicated. Data are
displayed as mean * SD of at least triplicate determinations.
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4.2 Effects of 2-CIHDA on M1/M2 marker proteins in western blot
analysis

While 2-CIHA displayed such strong cytotoxic effects on BV-2 microglia, western
blot analysis was performed with 5 yM of 2-CIHDA at different incubation times. The
effects of the a-CIFALD are displayed in Figure 5, showing the original blots
(Fig. 5A) and their corresponding bar graphs (Fig. 5B).

While the M2 marker Arg1 seems to be downregulated after 8 hours, expression is
slowly increased at later timepoints during treatment. 48 hours post-treatment Arg1
is expressed at a 2 2-fold higher level compared to cells only treated with the vehicle
(0,2% DMSO) suggesting an upregulation of M2 microglia after longer incubation
times.

INOS, a marker protein for M1 polarization, displayed increased expression after
8 hours but then declined at 16 and 24 hours to the same levels as the vehicle.
Interestingly, INOS expression again increased 48 hours after treatment up to 250%
compared to DMSO. In contrast, the M1 marker COX-2 showed a slight
downregulation after 8 hours, but steadily increased afterwards up to almost two-

fold levels as the vehicle 48 hours post-treatment.
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Fig 5: Western blot analysis of M1 and M2 marker :
expression in response to 2-CIHDA treatment of BV-2
microglia

Serum-starved cells were untreated or treated with DMSO

(vehicle) or DMSO/2-CIHDA (5uM) for 8, 16, 24 and 48 3 HHHHHHH
hours. Cellular protein lysates were analyzed by western oll P TP TP
blotting. Molecular masses of the detected proteins are 3 6 24
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corresponding actin or tubulin signal as indicated in the
western blots (B).
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4.3 Flow cytometric analysis of M1/M2 marker expression

Flow cytometry was performed with the M1 polarization marker CD40 and the M2
marker protein CD206. The results of these experiments are displayed in Figure 6,
showing the bar graphs and the corresponding scatter plots of both CD40 (Fig. 6A)
and CD206 (Fig. 6B) FACS analysis.

16 hours after treatment with 5 pM 2-CIHDA, the M1 marker CD40 (40%) was
increased compared to the vehicle 0,2% DMSO (20%). Yet, after 24 hours elevated
expression could not be detected. At the last timepoint (48 hours) increased levels
compared to DMSO were measured, suggesting a similar trend as iINOS in the
western blot experiments. In general, higher levels of CD40 and therefore M1
polarized BV-2 microglia were observed (40% after 16 hours compared to 50% after
48 hours), implying elevated levels of classically activated microglia over time.
CD206 showed a different behaviour compared to its western blot counterpart Arg1.
In general, lower levels of M2 polarized microglia and only slightly elevated levels
compared to the untreated cells were detected in flow cytometry. Only around 5%
of untreated cells, 6% after 16 hours, 10% after 24 hours and 5% after 48 hours of
treatment with 5 uM 2-CIHDA expressed CD206. 16 hours post-treatment CD206
marker expression was not elevated compared to the vehicle (0,2% DMSO). After
24 hours DMSO even induced higher levels of M2 polarized microglia (15% of all
cells) in comparison to cells treated with 5 uM 2-CIHDA (10% of all cells). 48 hours
after treatment, M2 marker expression of BV-2 microglia declined and reached the
same level of CD206 expression as untreated cells (5% of all cells). Yet again,

DMSO seems to have a greater impact on M2 polarization than 2-CIHDA itself.
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Fig. 6: Flow cytometric analysis of M1 and M2 marker expression in response to
2-CIHDA treatment of BV-2 microglia

Serum-starved cells were treated with 2-CIHDA for the indicated time points. Cells were
stained with PE anti-CD40 (A) or PE anti-CD206 (B) or PE Rat IgG2a as isotype control
(1:100) and analyzed using a Guava easycyte flow cytometer. Results (one experiment
performed in quadruplicates) are expressed as mean * SD (*p<0.05, **p<0.01, ***
p<0.001; Student’s t-test).
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4.4 NO:/NOs and ROS levels are unaffected by 2-CIHDA treatment
As readout for INOS and NADPH-oxidase activity NO2/NOs and ROS

concentrations were analyzed. Surprisingly, although immunoreactive iINOS was
found to be elevated during western blot analysis (Fig. 5), this was not reflected on
the product level since the NO2  concentration in the cellular supernatant was
unaffected (Fig. 7A).

In addition, DCFDA oxidation was almost unchanged in response to 2-CIHDA

treatment (Fig 7B).
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Fig. 7: Effects of 2-CIHDA on NO./NO;  and ROS levels in BV-2 microglia

The production of NO (A) in 2-CIHDA-treated BV-2 cells was determined by measuring
the content of total nitrite and nitrate in the media. Results (quadruplicate determination)
are expressed as mean values + SD. The cellular redox status (B) was determined using
fluorescent DCF. Serum-starved BV-2 cells were incubated with DCFDA, treated with 2-
CIHDA and fluorescence intensity was evaluated. Results (triplicate determination) are
expressed as mean values * SD.
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5 Discussion

The experimental work performed during the present thesis aimed at obtaining initial
information on whether there is a connection between plasmalogen-derived
oxidation products and microglia polarization states. The major findings can be
summarized as follows.

With the MTT assay, the high cytotoxic potential of 2-CIHA after a short period of
time was shown, giving first indications on a destructive component of this a-chloro
fatty acid in vivo. Compared to the acid the a-CIFALD displayed less harmful
properties on BV-2 microglia, although suggesting toxic effects with higher
concentrations. With these first results from the cell viability assay, we decided to
evaluate the effects of 2-CIHDA after different timepoints using a concentration
where the majority of cells is still viable. Western blot and flow cytometry analysis
displayed somewhat controversial effects. While a trend toward classically activated
M1 microglia was expected, the experimental findings did not confirm the
hypothesis, showing an increase in both M1 and M2 markers over time in western
blot analysis. However, flow cytometry showed rather different effects of 2-CIHDA
on BV-2 microglia. As expected, M1 polarization was induced 48 hours
post-treatment and a slight decrease of the M2 marker CD206 was detected. At last,
ROS and NO2/NOs levels were unaffected by 2-CIHDA, which was fairly
unexpected and leaves room for interpretation and requires additional experimental
work.

Since this thesis was thought to be a pilot study on microglia polarization, the results
only serve to show a trend of the effects of 2-CIHA and 2-CIHDA on BV-2 cells. One
important circumstance is the effect of the vehicle DMSO, which could have a major
influence on microglia activation itself. An important limitation to this thesis arises
from the fact that specific markers for M1 and M2 microglia do exist, but should be

used in a larger set of marker proteins as suggested recently (84).
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The effects of MPO and MPO-derived oxidants on BBB function was investigated in
earlier studies (85). These data suggest decreased barrier function after 2-CIHDA
treatment on BMVEC. Furthermore, it was shown that the MPO-H202-halide system
leads to decreased plasmalogen levels in endothelial cells and generation of
a-CIFALDs. In accordance with these findings, a similar reaction to the brain
resident immune cells is likely, favoring further neuroinflammation and
neurodestruction. This fact makes MPO an interesting target for the medical therapy
of neuroinflammatory diseases (86).

Although the concept of M1 and M2 microglia is a useful categorization, it is a
debated issue that has yet to be proved. New studies on this object are investigating
the benefit of M2-like microglia in vivo. Chakrabarty et al. (87) showed increased M2
polarization accompanied by an exacerbation of amyloid plaques after expression
of the anti-inflammatory cytokine IL-4. Yet, it is widely accepted that an inflammatory
environment favors M1-like microglia and impedes an M2 switch. Several studies
using EAE demonstrated beneficial effects on chronic inflammation through M2
promoting cytokines, such as IL-10 (80) and IL-33 (88). In AD, microglia activation
states could have a great impact on disease progression. Although these cells are
a source of inflammatory factors, they take part in Ap phagocytosis and the removal
of harmful material (89). On the other hand, Michelucci et al. (90) demonstrated that
microglial reactivity and degradation of AB was decreased during disease. Another
interesting aspect is the alteration of polarization as treatment for neuroinflammatory
diseases. Nakajima et al. (91) used mesenchymal stem cell transplantation to
promote alternatively activated microglia after spinal cord injury resulting in axonal
extension and functional recovery in rats. All these data point toward the complex
structure of immunological response in acute and chronic neuroinflammatory
diseases and the highly dynamic function of microglia in restoring health.

In conclusion, the influence of 2-CIHDA and 2-CIHA on microglia polarization needs
further experimental work and requires more in vitro studies to be able to provide
definitive answers. Moreover, in vivo experiments are necessary in order to
understand the role of microglia and blood brain barrier dysfunction in
pathophysiological processes in humans. If these mechanisms are better
understood, it might be possible to pharmacologically target MPO (with e.g.
aminobenzoic acid hydrazide), thereby being able to interfere with microglia

polarization.
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