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Microglia are the primary resident immune cells of the central
nervous system. Astrocytes also contribute to central nervous system
immunity; however, this role is often overshadowed by their broad
range of non-immunological functions. Microglia are classified into
functional subsets based on their altered expression profiles following
activation. Microglial subsets are commonly described in terms of pro-
inflammatory M1 microglia and anti-inflammatory M2 microglia —
this M2 subset then diverging further into M2a, M2b, and M2c states.
It has also been suggested that microglia do not maintain these subset
populations strictly, but rather lie upon a dynamic spectrum where
presence or absence of certain characteristics defines the microglia’s
main functional role. Upon activation astrocytes can also demonstrate
pro- or anti-inflammatory phenotypes. They have shown to be integral
to the pathology of certain neurodegenerative diseases, having a role
just as or more important than that of microglia, such as their role
in the progression of multiple sclerosis. It has recently been suggested
that astrocytes also display polarization states similar to the microglial
M1/M2 profiles, however these have not yet been defined in any great
detail. Delineation of microglial polarization states has improved the
understanding of functional microglial subsets and has allowed for the
characterisation of the role of M1 and M2 microglia in physiology and
pathology respectively. It therefore may be beneficial to delineate these
polarization states in astrocytes also. Identifying the functional role of
different astrocyte subsets would allow greater understanding of their
contribution to neurodegenerative diseases. The idea of characterizing
functional astrocyte polarization states has great potential which has
yet to be truly realized.
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Introduction — Macrophages, Microglia and Astrocytes

Macrophages are a leukocyte subset with phagocytic ability and are derived from
circulating peripheral blood monocytes. The roles of the macrophage are primarily
host defence, wound healing, and immune regulation functions (Mosser & Edwards
2008). Mosser and Edwards seek to ascribe each function to a specific macrophage
subset, subset divergence being dependent on humoral factors acting to modify the
macrophage phenotype. Different humoral factors affect macrophages in different
ways by changing their functional role (Sica & Mantovani 2012).

These functional changes in response to humoral factors also occur in microglia,
the macrophages of the central nervous system (CNS). Neural cells with similar
characteristics to macrophages were identified in 1880 during histology experiments
and these cells were first described as microglia by Rio Hortega, the “Father of
Microglia” in the 1920s, who was also the first to postulate that these cells may
function similarly to macrophages. The main difference between macrophages and
microglia lies in their ontogeny. Macrophages undergo traditional derivation from
haematopoietic stem cells whereas microglia are derived from yolk sac stem cells
(Prinz & Priller 2014). However, despite these ontogenetic differences, the phenotype
and functional polarization states of macrophages have been shown to translate
into microglia, at least in vitro. The vast range of markers identified which signify
different macrophage states correlate with those described in microglia (Colton
& Wilcock 2010). However it must be stated that despite similarities to extra-CNS
macrophages, microglia remain a distinct cell type, maintaining their own specific
markers and displaying unique expression patterns (Yamasaki et al. 2014). Overall
the literature accepts that macrophage phenotypes translate well into microglia, as
will this review, however the above caveats must be taken into consideration.

Neurons in the CNS are supported by several different types of neuroglia such
as microglia, oligodendrocytes, and ependymal cells. The astrocyte is another
important type of glial cell and our understanding of its functions has developed
greatly in recent years. We have progressed from the long-held idea that these glia
act as mere support cells, to the belief that they possess a more dynamic role in the
CNS, this being supported by a plethora of evidence (Bayraktar ef al. 2015, Khakh &
Sofroniew 2015). The abundance and organized dispersal of these glial cells indicates
a role more important than previously thought. The non-immunological roles of
astrocytes in the CNS are broad and include a role in both foetal development,
via synaptic pruning and trophic factor secretion, and in adulthood, contributing
to ionic homeostasis, neurotransmitter metabolism, glutamatergic signalling,
and structural contribution to the blood brain barrier (Sofroniew & Vinters 2010).
However, astrocytes additionally have both pro- and anti-inflammatory roles
in immune modulation (Min et al. 2006, Jang et al. 2013). Similar to macrophages,
characterization of astrocyte polarization states relies on different cells having
distinct immunological phenotypes. It may therefore be possible to move towards
classifying and discussing astrocytes in terms of polarization states similar to the
M1/M2 classification of macrophages.
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Evidence is mounting showing that astrocytes contribute to many
neurodegenerative diseases such as Alzheimer’s disease (AD), amyotrophic lateral
sclerosis (ALS), and multiple sclerosis (MS) — all of which affect members of the
Irish population (Avila-Mufioz & Arias 2014, Meyer et al. 2014, Correale & Farez
2015). Over 700,000 people in Ireland are affected by a neurological condition with
MS accounting for approximately 8,000 of these conditions and approximately 250
new MS cases being diagnosed each year (Neurological Association of Ireland
2014, Multiple Sclerosis Ireland n.d.). MS is a great burden on the exchequer with
up to 80% of those diagnosed stopping work within 15 years and losing an average
of 18 working years (The Work Foundation, 2011). Further research into the biology
of astrocyte polarization states may help to further elucidate the mechanisms
behind these debilitating neurodegenerative diseases and help to identify novel
therapeutic avenues.

The Past — Classification of Macrophage Polarization States

Work on macrophage biology first looked towards defining two specific macrophage
subsets: the classically activated pro-inflammatory M1 state macrophage and the
alternatively activated anti-inflammatory M2 state macrophage. The M1 macrophage
is activated by Toll-like receptor (TLR) agonists and interferon gamma (IFN-y), and
subsequently becomes pro-inflammatory. This inflammation is characteristic of the
anti-microbial nature of M1 macrophages which was first described by Dalton in
1993 (Dalton et al. 1993). IFN-y allows upregulation of the major histocompatibility
complex II (MHC-II) and inducible nitric oxide synthase (iNOS) which signifies the
priming of these M1 macrophages. MHC-II is a molecule which allows presentation
of antigen to cells of the adaptive immune system, CD4+ T cells and iNOS is an
enzyme that catalyses the production of nitric oxide, a reactive compound which
can kill invading pathogens. MHC-II and iNOS are now seen as the archetypal
markers of M1 macrophages in additional to a plethora of other receptors and pro-
inflammatory secretions. The M1 macrophage amplifies the inflammatory response
by production of cytokines, such as interleukin-1 (IL-1) or IL-12, chemokines, and free
radicals, and by increasing antigen presentation to adaptive immune cells (Mosser &
Edwards 2008).

Classification of the M1 state is straightforward when compared with the classification
of M2 macrophages. It was first suggested in 2004 that M2 macrophages can be
classified further into M2a, M2b, and M2c states (Mantovani ef al. 2004). The first
M2 state macrophage to be described was initially done in terms of IL-4 mediated
upregulation of macrophage mannose receptor (MRC) and MHC-II (albeit a more
restricted expression than that of M1) and was termed an M2a macrophage (Stein et
al. 1992). It was then noted that IL-13 also modulated this macrophage subset, which
is now known to occur through a common receptor chain, IL-4Ra (Doherty et al.
1993). The role of the MRC is the clearance of pro-inflammatory glycoprotein ligands,
such as lysosomal hydrolases and tissue plasminogen activator (Gordon 2003). The
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anti-inflammatory, resolving nature of M2a macrophages is also shown by their
ability to express soluble factors which counteract pro-inflammatory mediators, for
example arginase counteracts iNOS. Furthermore, M2a macrophages contribute to
the repair of the extracellular matrix via factors such as collagenases and chitinases
(Gordon 2003, Mosser & Edwards 2008).

M2a macrophages can be described as actively anti-inflammatory whereas M2c
macrophages, which are also known as regulatory macrophages, have a deactivating
function, comprehensively inhibiting production of, and antagonising pro-
inflammatory factors and providing overall immunosuppression — a state termed
“acquired deactivation” (Luo & Chen 2012, Fleming & Mosser 2011). Polarization
to this state occurs primarily in response to IL-10 and transforming growth factor
beta (TGF-{) (Colton 2009). IL-10 is also produced by M2c macrophages which has
important contributions to immune tolerance/suppression, such as decreasing
production of pro-inflammatory cytokines such as IFN-y, and enhancing B-cell
proliferation (Wang et al. 1995). This immunosuppressive state also causes tightening
of vascular endothelial barriers thereby preventing leukocyte recruitment to sites of
inflammation), increased growth factor production, and promotion of anti-apoptotic
pathways; these homeostatic functions return the microenvironment to its normal
physiological state.

M2b macrophages were originally described as type-II activated macrophages in
reference to their ability to preferentially induce adaptive T-helper 2 cell responses
(Mosser 2003). In contrast to the cytokine polarization signals of M2a and M2c
macrophages, the M2b state is induced by engagement of the Fc gamma receptor on
the macrophage surface by immunoglobulin G. Its functions are primarily mediated
by IL-10 functions, similar to those carried out by M2c macrophages as mentioned
above, but to a much greater extent. Interestingly M2b macrophages also secrete
some of the same pro-inflammatory cytokines produced by classically activated
M1 macrophages. Despite being considered an M2 macrophage, the M2b state
shows distinct phenotypic differences in comparison to the other more traditional
alternatively activated macrophages.

The Present — Accounting for Macrophage Plasticity in a
Dynamic in vivo Environment

The current paradigm of M1/M2 macrophage polarization states was suggested
by Mantovani et al. in 2004 and while the fundamentals of this paradigm are
still viewed valid, there are growing concerns about the use of this information
without considering its in vivo translation, and without immunological context
(Mantovani et al. 2004, Sica & Mantovani 2012, Xue ef al. 2014). Those suggesting a
reassessment of how we consider macrophage states refer to the fact that an in vivo
setting is a dynamic environment which will not maintain distinct macrophage
types. Mosser and Edwards’” spectrum of macrophage activation (Figure 1) takes
this into account, suggesting that macrophages will not polarize into subsets with
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explicitly defined features but rather gain or lose characteristics which deem them
a macrophage primarily of a certain nature — be it host defence, wound healing, or
immune regulation (Mosser & Edwards 2008). This spectrum also allows for the
classification of “hybrid” macrophages, those which display characteristics from
more than one subset. This spectrum is important in accounting for the ability of a
macrophage to dynamically alter its expression of specific receptors and cytokines,
i.e. its plasticity.

Classically Activated Alternatively Activated
Macrophages Macrophages

v I w2

Classically Activated Macrophages

Regulatory
Macrophages

Wound-Healing
Macrophages

Figure 1. The traditional linear M1/M2 model of macrophage polarization and the concept of a
new polarization spectrum. The three primary colours represent the main groups of macrophage
phenotype. The secondary colours in between groups illustrate the macrophage’s potential to display
characteristics from macrophages with different overall functions. For example, a macrophage falling
into the orange area of the spectrum would be said to display functional characteristics from both
classically activated and wound-healing macrophages. Adapted from Mosser & Edwards (2008).

Recently, Martinez and Gordon (2014) identified what they believe to be the key
limitations of the current M1/M2 model of macrophage activation namely; its
ignorance of the source and context of polarization stimuli, its lack of consideration
of co-existing M1/M2 polarization stimuli, and that the model doesn’t account for
the fact that macrophages may not differentiate into set subsets. While they do
not officially propose a new model, the authors argue that future models should
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consider the polarizing stimuli present at different levels of immunity in an in
vivo environment. It suggests that these stimuli should be grouped based on their
overall immunological role (Figure 2) instead of individual stimuli being directly
compared with their antagonistic molecule. Doing so would permit a more
comprehensive portfolio of polarizing stimuli to be created, thereby allowing
identification of more specialized macrophage populations.

Growth and Survival Factors Cytokines
Maturation and Differentiation Classic Activation
* Macrophage Colony Stimulation Factor * [IFN-y
Survival and Recruitment Alternative Activation
¢ Adhesion Molecules, Chemokines o |L-4,1L-13
Other Pro-Inflammatory
* Vitamin D3, Retinoic Acid * IL-1B, IL-6

Anti-Inflammatory
* IL-10, Tumour Growth Factor B

Pathogen Interaction Mechanisms Resolving Factors
Cell Receptors Systemic
* TLRs, Nucleic Acid Sensors, NOD-like * Glucocorticoids
receptors Local
Humoral Factors * Proteoglycans
* Immunoglobins — IgA, IgE, I1geG * Fatty Acid Derivatives i.e. Resolvins,
* Complement, Lectins, Ficolins Maresins

Figure 2. The four hypothesised levels of immunological macrophage polarization stimuli. The
different levels, and they subcategorisations, seek to provide a more comprehensive classification of
macrophage polarization stimuli. Adapted from Martinez and Gordon (2014).

Having described the functional polarization subsets of macrophages, it is
important to reiterate how these phenotypes have been translated into microglia.
While the two cell types may be ontogenetically distinct, the polarization states
and specific subsets described for macrophages are now routinely referred to in
microglia and both generally correlate in terms of M1 and M2 markers (Wilcock
2012, Chhor et al. 2013, Colton & Wilcock 2010). Macrophage polarization states can
therefore, for the most part, be considered applicable to microglia meaning that
we can use our understanding of macrophages to improve how we understand
CNS immunity.

M1 microglia are generally seen as the primary mediators of neurodegenerative
diseases such as AD, ALS, and Parkinson’s disease while M2 microglia are
usually downregulated during pathologies (Tang & Le 2015, Qin et al. 2015).
Potential therapeutic avenues that have been identified include inhibiting the M1
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polarization of microglia or re-inducing the expression of M2 microglia (Kobayashi
et al. 2013, Cherry et al. 2014). Classification of the microglial polarization states
allowed these avenues to be explored. Translating these states into astrocytes
may therefore further progress our understanding of the role of the astrocyte in
neurodegenerative diseases

The Immunological Role of Astrocytes in the CNS

Evidence is mounting illustrating the important immunological role of this
multifunctional glial cell (Jang ef al. 2013, Jensen et al. 2013). The immune response
of the astrocyte is considered to be mainly pro-inflammatory. A hallmark reaction
of this pro-inflammatory state is reactive astrogliosis, which can be defined as a
spectrum of changes that occur in astrocytes in response to all forms of CNS
perturbations, with the degree of change correlating with the severity of perturbation
(Sofroniew 2009). Reactive astrogliosis can lead to the upregulation of many pro-
inflammatory genes, leading to enhanced production of chemokines, cytokines,
and growth factors. Other molecular changes include aberrant neurotransmitter
synthesis/release and alterations in fluid/ion homeostasis, as well as morphological
changes which prevent the spread of any threats to tissue integrity (Sofroniew &
Vinters 2010). A pro-inflammatory astrocyte can help to further evolve the immune
response by signalling for the recruitment of adaptive immune cells. A recent study
has also suggested that astrocyte activation may cause the activation of microglia,
the opposite of what is currently considered normal (Jang ef al. 2013). The pro-
inflammatory state of astrocytes is well classified as an evident component of several
neurodegenerative diseases, such as Amyotrophic Lateral Sclerosis, Alzheimer’s
Disease, and Parkinson’s Disease (Maragakis & Rothstein 2006). However, perhaps
less well described is the anti-inflammatory component of astrocyte responses.
While their immune function is seen to be primarily pro-inflammatory, anti-
inflammatory cytokine secretions have also been reported (Jensen et al. 2013).
Studies have identified known mediators, such as the complement-5a fragment,
and unknown mediators which exert anti-inflammatory activity (Gavrilyuk et al.
2005, Min et al. 2006). This activity however tends to be overshadowed by the pro-
inflammatory role of astrocytes, despite providing novel therapeutic opportunities.

MS, for example, is an autoimmune disease whose detrimental effects are mainly
mediated by T-cells. However new research has suggested that astrocytes may also
contribute to this chronic, demyelinating disease (Brosnan & Raine 2013, Correale &
Farez 2015). The majority of current therapies are immune modulators or monoclonal
antibodies which target T-cells. Therapies in general are expensive and impractical
with regards to method and frequency of dose (Goldenberg 2012). Astrocytes may
present a new therapeutic target. The active role of astrocytes in MS is only recently
becoming a research focus and elucidation of their role in MS pathology indeed
their role in any of the many other neurodegenerative diseases could benefit from
an understanding of astrocyte polarization states.
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The Future — Emerging Astrocyte Immune Functions & The
Importance of Defining Astrocyte Polarization States

Classification of macrophage subsets relies on their different immune phenotypes.
Astrocytes also express different immune phenotypes, pro- and anti-inflammatory,
yet despite this, their specific polarization states have not been defined (Jensen et
al. 2013). Data has indicated that astrocytes can also affect immunity indirectly
by modulating pro- and anti-inflammatory microglial polarization states via
inducing or inhibiting the release of certain inflammatory mediators (Bianco et
al. 2005, Aloisi et al. 1997). Astrocytes may also exert this effect by upregulating
microglial antioxidant enzymes such as heme oxygenase-1 (Min et al. 2006). TGF-3
was discarded as a potential mediator of this microglial change by Min ef al. in
2006 however recent new evidence exists which disputes this claim (Norden ef al.
2014).

Irrespective of whether astrocytes affect CNS immunity directly or indirectly
via modulation of microglia, it is clear that classification of specific astrocyte
polarization states is the next logical step in elucidating the extensive role of
astrocytes in neurodegenerative diseases. The role of astrocytes has been proven
to cause immunopathology in many neurodegenerative diseases and delineation
of their subsets would potentially allow for more focused research into their
physiology and pathophysiology to take place . The changes in the expression
profiles of pro- vs anti-inflammatory astrocytes could be determined, helping to
identify either the specific molecules contributing to pathologies, or the defensive
mediators present in normal physiology which become downregulated. Our
knowledge of the astrocyte’s contribution to CNS immunity has developed greatly
over the past decade. We have moved from considering this cell to have only a
filler function to a recently hypothesis suggesting that astrocytes have specific
polarization states similar to those of macrophages (Jang et al. 2013). Mainly
focusing on the pro-inflammatory astrocyte state, a basic M1 astrocyte molecular
profile was postulated. Further studies in the area remain to be carried out,
however may hold great potential for the field of neuroimmunology.

Conclusions

It is now clear that microglia are not the only important CNS immune cell. While
the immune function of astrocytes in the CNS is still seen as secondary to that of
microglia, the importance of these dynamic, multifunctional glia has seen more
acceptance in recent years. There now exist a multitude of studies illustrating
the pro- and anti-inflammatory roles of astrocytes, as previously described. Our
knowledge of the astrocytic contribution to neurodegenerative diseases continues
to grow and is helping to make the idea of defining specific astrocyte polarization
states all the more relevant.
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The M1/M2 macrophage paradigm has been suggested as a framework to aid
the classification of astrocyte polarization states, important consideration
must be made. The hypothesis that astrocytes “exhibit M1/M2-like functional
polarization” similar to that of macrophages may technically be correct, however
one must remember the recent paradigm shift towards a macrophage spectrum
and one must consider the modulating effects of an in vivo environment (Jang et
al. 2013). Astrocyte subsets may also exist on a similar spectrum and be affected
by different levels of immune stimuli. It may prove beneficial for research into
astrocyte polarization to consider a spectrum right away, rather than discuss a
linear scale which may soon become obsolete.

Astrocytes are often seen as secondary CNS immune cells in comparison to
microglia. Classifcation of astrocyte polarization states would help delineate the
specific functional astrocyte populations involved in different neurodegenerative
diseases. Combined with increased knowledge of their molecular profiles,
astrocytes may provide a novel target in neurodegenerative diseases whereby
targeting astrocytes modulates microglia, instead of targeting microglia directly.
This knowledge may also help to clarify further the mechanisms by which these
diseases manifest.
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