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Abstract

The central nervous system (CNS) and its meningeal coverings accommodate a diverse myeloid
compartment that includes parenchymal microglia and perivascular macrophages as well as
choroid plexus and meningeal macrophages, dendritic cells, and granulocytes. These myeloid
populations enjoy an intimate relationship with the CNS, playing an essential role in both health
and disease. Although the importance of these cells is clearly recognized, their exact function

in the CNS continues to be explored. Here we review the subsets of myeloid cells that inhabit
the parenchyma, meninges, and choroid plexus, and discuss their roles in CNS homeostasis. We
also discuss the role of these cells in various neurological pathologies, such as autoimmunity,
mechanical injury, neurodegeneration, and infection. We highlight the neuroprotective nature of
certain myeloid cells, emphasizing their therapeutic potential for the treatment of neurological
conditions.

Introduction

The complex structure of the CNS and its covering meninges accounts for a number of
major differences in its immune responses compared to other peripheral tissues (Ransohoff
and Brown, 2012). The CNS has long been regarded as a site of immune privilege due to the
concept of a blood-brain barrier and the lack of lymphatic drainage that allows the transport
of metabolic waste and CNS-derived antigen (Louveau et al., 2015a). It has become clear
that continuous immune surveillance of the CNS does exist with certain limitations and is
depending in part upon specialized myeloid cells within anatomical niches (Goldmann et
al., 2016b; Kierdorf et al., 2015; Prinz and Priller, 2014). By orchestrating these immune
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sentinels, namely microglia, in the CNS parenchyma and macrophages and DC in the
meninges (dura, arachnoid and pia matter), choroid plexus and perivascular spaces, this
tissue can mount a robust protective and restorative response when necessary. In addition
to their described inflammatory role, communication between neurons and myeloid cells

is critical for proper brain function. Mutations in key myeloid genes are associated with
numerous neurological disorders (Naj et al., 2011; Paloneva et al., 2002; Rademakers et al.,
2011). Disrupting the interactions (in mouse experiments) between neuronal and myeloid
cells has devastating effects on memory, sociability, anxiety and other behavioral domains,
demonstrating the importance of myeloid cells in normal brain physiology (Nautiyal et al.,
2008; Parkhurst et al., 2013; Zhan et al., 2014).

The myeloid compartment contains a diverse set of immune cells that participate in the
response to tissue damage and pathogens, in addition to performing specialized functions
pertinent to specific tissues. Most studies investigating effects of myeloid cells on neurons
focus on microglia, the brain’s most prominent immune cells, which are situated in the
parenchyma and serve as the tissue-resident macrophages of the central nervous system
(CNS). Microglia make intimate contacts with synapses (Tremblay et al., 2010) and have
been implicated, ironically, both in the construction of neural circuits in development
(Schafer et al., 2012) and in the degeneration of synapses in neurodegenerative diseases
(Hong et al., 2016). Other macrophages that influence the CNS include perivascular
macrophages along the blood vessels of the brain, macrophages within the choroid plexus,
and meningeal macrophages in the leptomeninges (Goldmann et al., 2016a). The meninges
host additional myeloid cells including dendritic cells (DCs), monocytes, and granulocytes,
which reportedly influence the brain mostly during or after an insult or other pathology
(Chinnery et al., 2010) (Figure 1). Since recent reviews have discussed CNS myeloid

cell origin and development (Prinz et al., 2017), this review will focus primarily on how
myeloid cells function in the healthy CNS and their responses to autoimmunity, degenerative
diseases, injury and infection.

Microglia are tissue-resident macrophages that participate in the development of neuronal
circuits, maintenance of synapses, and neurogenesis. Derived from erythomyeloid precursors
in the extra-embryonic yolk sac (Gomez Perdiguero et al., 2015; Kierdorf et al., 2013),

they seed the brain early in embryonic development (Ginhoux et al., 2010) and maintain a
tiled pattern in the parenchyma through coupled apoptosis and local proliferation (Askew
etal., 2017). Under physiological conditions, monocytes do not contribute to the pool of
microglia, as in some peripheral tissues (Ajami et al., 2007). Whether or not they contribute
in pathology is still debated, and will be discussed below.

Microglia play an important part in pruning synapses of the developing lateral geniculate
nucleus, a hub for relaying neurons of the visual circuit by means of a complement-mediated
process (Schafer et al., 2012). Therefore, mice lacking the complement protein C1q, C3,

or complement receptor C3R demonstrate impaired synaptic pruning and connectivity
(Schafer et al., 2012; Stevens et al., 2007). Synaptic markers can also be detected in
microglia of other brain regions besides the lateral geniculate nucleus, and acute depletion
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of microglia in development leads to long-lasting changes in adult behavior (Nelson and
Lenz, 2017; VanRyzin et al., 2016). Synaptic pruning can also be mediated by the CX3C
chemokine receptor 1 (CX3CR1), whose ligand, CX3CL1, is expressed on developing
neurons (Paolicelli et al., 2011). As with C1g-, C3-, or C3R-deficient mice, the brains of
CX3CR1-deficient mice accumulate apoptotic neurons and synapses, thus affecting synaptic
activity (Paolicelli et al., 2011). Functionally, CX3CRZ1-deficient mice exhibit decreased
synaptic transmission, reduced functional connectivity, and behavioral deficits that are used
in tests devised to model symptoms of autism spectrum disorder (Zhan et al., 2014).
Microglial processes are dynamic and continually sample the environment (Nimmerjahn

et al., 2005), allowing them to detect changes in pH, purines, cytokines, chemokines,
amino acids, and inorganic compounds (Prinz et al., 2011). Given their vital role for
normal brain function, it is not surprising that microglia dysfunction can be linked to

some neurological disorders. Mutation in the fiomeobox B8 gene locus results in obsessive-
compulsive grooming and could be mapped to primary dysfunction in microglia (Chen

et al., 2010). Rett syndrome, a severe neurological disorder, is caused by a mutation in

the gene encoding methyl-CpG-binding protein-2 and results not only from a defect in
neurons (Chen et al., 2003) but also astrocytes (Lioy et al., 2011) and microglia (Cronk

et al., 2015; Derecki et al., 2012). In both disease models, the abnormal behavior and
phenotype could be partially corrected by reconstitution of the myeloid compartment with
healthy bone-marrow derived progenitors, further supporting the role for microglia in
maintaining neuronal function. These characteristics suggest that microglia are critical for
proper neuronal function, and hence their elimination would be devastating to the brain.
Recent data, however, have challenged this notion (Elmore et al., 2014), and how microglia
influence neural development and physiology is still unclear (Fig. 2).

Depletion of microglia from the adult brain has yielded conflicting results. Parkhurst et
al. used an inducible Cre-recombinase system to drive expression of the diphtheria toxin
receptor in CX3CR1-expressing cells (CX3CR1CER*:: r26/PTR/#) including microglia.
Depletion of microglia with diphtheria toxin caused reduced spine dynamics and learning
deficits (Parkhurst et al., 2013). Similar results were found in the retina, where long-term
microglial depletion resulted in synapse degeneration and visual deficits (Wang et al.,
2016a). Using an alternative approach, EImore et al. used a colony stimulating factor

1 receptor (CSF1R) antagonist to effectively deplete microglia (Elmore et al., 2014).
Surprisingly, this method of depleting microglia did not produce deficits in multiple
behavioral assays, including assays for learning (Elmore et al., 2014). In attempting to
reconcile these differences, one possibility to consider is that the systems were studying
neuronal function under two different scenarios, namely microglial depletion and microglial
proliferation. In the study by Elmore ef a/., microglia were depleted throughout the testing
protocol, whereas in the study by Parkhurst atal., the mice were tested 2—4 days after
depletion, when microglia are already aggressively repopulating the brain (Bruttger et

al., 2015). It is also worth considering that this difference might be due to unresolved
issues related to target cell specificity since all myeloid cells depend on the growth factor
receptor CSF1R and its ligands CSF1 and interleukin (IL) 34. As a consequence, survival,
proliferation and differentiation of CNS myeloid cell populations such as monocytes and
perivascular macrophages are affected, which might also influence neuronal conditions.
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Unfortunately, true microglia-specific drugs are currently not available. Further studies
utilizing genetic approaches are needed to clarify the microglia-dependent effects on
neuronal function under these conditions (Figure 2).

Non-parenchymal macrophages: Perivascular, choroid plexus, and meningeal
macrophages

Perivascular macrophages, as their name suggests, are located in the perivascular spaces,

where they are positioned between blood vessels and astrocytic end-feet. Interestingly,

unlike peripheral monocyte and macrophage populations, perivascular macrophages and
microglia are transcriptionally related (Goldmann et al., 2016a). In terms of their functions
the perivascular macrophages, like macrophages in the meninges and the choroid plexus,
appear to play important roles in sampling local debris and dying cells as well as in
communicating with local cells (Brendecke and Prinz, 2015; Mendes-Jorge et al., 2009).
Perivascular macrophages clear amyloid-p from the CNS, suggesting they are important
players in aging and in preventing neurodegeneration (Aguzzi et al., 2013; Nigro et al.,
2016). Not less importantly, perivascular macrophages preserve the health of endothelial
cells, promote capillary stability, regulate vascular constriction, and maintain blood-brain
barrier (BBB) integrity (He et al., 2016; Mendes-Jorge et al., 2009). The location of
perivascular macrophages uniquely positions them to sample blood and brain interstitial
fluid at the same time. This might imply that they are eminently well situated to monitor
both CNS and peripheral homeostasis. If this is indeed the case, it might enable us to gain
important insights into the function of perivascular macrophages and their possible role in
communication between the periphery and the CNS.

The choroid plexus, which lines the four ventricles of the brain, is a highly vascularized
villous structure that produces two-thirds of the cerebrospinal fluid (CSF) filling the
ventricles and subarachnoid spaces (Sakka et al., 2011). It is home to its own tissue-resident
macrophage, the epiplexus cell, as well as to monocytes, dendritic cells (DCs), and mast
cells (Allen, 1975; Kappers et al., 1958; Quintana et al., 2015; Shechter et al., 2013a). The
choroid plexus has been viewed as an “educative gate” that skews immune cells towards a
more anti-inflammatory phenotype. This environment is thought to contribute to the health
of the CNS and to promote recovery after injury (Shechter et al., 2013a; Shechter et al.,
2013b).

Meningeal macrophages are derived from early embryonic precursors without a monocyte
intermediate and stay in the meninges until adulthood (Goldmann et al., 2016a). Although
macrophages have similar characteristics across various tissues, they also have highly
specific functions depending on their location (Okabe and Medzhitov, 2014). Therefore,
their distinct position in the subdural meninges predisposes them to survey the cerebrospinal
fluid and the extracellular lumen of meningeal blood vessels and act as a sentinel for
infection and tissue damage (Roth et al., 2014). Most notably, meningeal macrophages are
sensitive to the health of their environment (Cohen et al., 2014; Ginhoux et al., 2016;
Hoeffel and Ginhoux, 2015; Kierdorf et al., 2015) and can acquire either anti-inflammatory
or pro-inflammatory phenotypes (Kigerl et al., 2009) to regulate subsequent immune
responses (Brendecke and Prinz, 2015).
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Besides maintaining meningeal health, macrophages can also influence the health of the
CNS. Mice trained in a Morris water maze (an assay of spatial memory) showed increased
numbers of interleukin 4 (IL-4)-producing T cells in their meninges (Derecki et al., 2010).
Moreover, the use of T cell-deficient mice or the deletion of IL-4 from T cells was shown to
impair spatial memory and lead to a pro-inflammatory skew in meningeal macrophages,
pointing to an important role for macrophages in learning and memory. Injection of
anti-inflammatory macrophages (skewed ex vivo with IL-4) indeed enhanced water maze
performance (Derecki et al., 2011).

Altogether, the above findings suggested that macrophages can play an important role in
CNS health, at least with regard to spatial memory. Many questions remain unanswered:
Which other behavioral domains are influenced by meningeal macrophages? How do
macrophages communicate with CNS neurons? Do the functions of macrophages in the
choroid plexus differ from those of meningeal macrophages? How do these cells influence
the development of the CNS? Finding answers to these questions should provide a
comprehensive understanding of the specialized interactions of CNS macrophages with their
local milieu and expand our strategies on how to therapeutically target these cell types to
benefit the brain.

Under steady-state conditions, monocytes are not detectable in brain or spinal cord
parenchyma, however, they are, observed in the meninges (Mildner et al., 2008). More
definitive evidence is needed to demonstrate that they are located in the meningeal space and
elegant approaches to direct label circulating monocytes with fluorescent antibodies would
permit /n vivo fate mapping and positioning. In the periphery, monocytes can phagocytose
debris, degrade and rearrange extracellular matrix, communicate with local cells, present
antigens to lymphocytes, regulate inflammation, recruit other immune cells, promote
angiogenesis, and help to repair wounds (Ginhoux and Jung, 2014). These functions may be
particularly useful around the CNS, where immune surveillance is important for homeostasis
(Shechter et al., 2013a).

Monocyte functions have been examined largely under pathological conditions, since these
cells play a key role in regulating inflammation as well as in combating infection. As
discussed later, monocytes and their derived macrophages and DCs play an essential role in
recovery after spinal cord injury (Gadani et al., 2015b; Shechter et al., 2009; Shechter et al.,
2013b). The homeostatic functions of monocytes, however, have seldom been discussed.

Dendritic cells

DCs are found in the human and rodent choroid plexus and meninges (Anandasabapathy
etal., 2011; Chinnery et al., 2010; McMenamin, 1999; Serot et al., 1997). Three
morphologically distinct subsets within the CNS borders were identified (Nayak et al., 2012)
that are derived from bone marrow and all responsive to fms-like tyrosine kinase 3 ligand
(FLT3L) (Anandasabapathy et al., 2011). Global deletion of integrin ax (CD11c) positive
cells was found to result in a myeloproliferative disorder and loss of peripheral tolerance
(Birnberg et al., 2008; Ohnmacht et al., 2009), but was found insufficient to promote CNS
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inflammation. However, at the time of the two last-mentioned studies, DCs were poorly
defined phenotypically, and since then a standardized nomenclature based on developmental
and transcriptional attributes has been proposed (Guilliams et al., 2014, Murphy, 2016
#300). This is likely to help future studies, since the marker used most frequently to
examine DCs has been CD11c, which can be expressed also by other immune cells,
including developing or activated microglia, macrophages, and monocyte-derived dendritic
cells (moDCs) (Merad et al., 2013). The accumulation of numerous antigen-presenting cells
(APCs) around lymphatic vessels in the meninges (Louveau et al., 2015b) strongly suggests
that these vessels might serve as important pathways for DC migration in inflammatory
diseases. Their function under homeostatic conditions, however, is not understood.

Granulocytes

Granulocytes, consisting of neutrophils, mast cells, eosinophils, and basophils, are all found
within meningeal spaces (mast cells also reside within the CNS parenchyma). Granulocytes
are particularly useful in combating pathogen invasion and in responding to tissue damage.

Unlike many other immune cells, neutrophils exit the bone marrow in a fully mature state.
In general, neutrophils are thought to have very short lives of not more than a few hours
(Kolaczkowska and Kubes, 2013). However, reservoirs of mature neutrophils can be found
in the lung, spleen, liver and bone marrow, suggesting that these cells may nevertheless
persist for more than a few hours at a time (Kolaczkowska and Kubes, 2013). Neutrophils
are largely considered to function only during times of disease and injury. This assumption
is based on their ability to mobilize quickly and being among the first cells to respond

to tissue damage. A small population of neutrophils resides in the steady-state meninges
(Cronk et al., 2015), but their function under homeostatic conditions is not understood.

Mast cells and their secreted mediators are best known for their supportive role in allergic
reactions such as asthma and anaphylaxis. We now know that mast cells not only function as
pathogen sensors and modulators of inflammation (reviewed by (Abraham and St John,
2010), but also act as important regulators in the normal physiology of the skin, the
digestive tract, and other sites in the body. Their response is multifaceted, and ranges

from long-distance communication via lymphatics, through particle-packaged cytokines to
angiogenesis modulation and barrier function. The brain has been shown to harbor resident
mast cells in the parenchyma, choroid plexus, perivascular space, and brain lining (Hough,
1988) in many mammalian and avian species (Theoharides, 1990). Their potential role in
normal brain function and their participation in maintenance of equilibrium has long been
controversial, owing to the considerable variability in their numbers and distribution among
species, individuals, and sexes (Dines and Powell, 1997; Theoharides, 1990).

In the brain, mast cells localized near the hippocampus influence neurons through the
secretion of histamine, serotonin, and other neuromodulators to affect learning, memory, and
anxiety (Chikahisa et al., 2013; Nautiyal et al., 2008). Mast cell-deficient (KitW-sh) mice
exhibit hippocampus-dependent behavioral deficits that can be ameliorated by treatment
with a selective serotonin-reuptake inhibitor, indicating that these cells make a significant
contribution as a source of serotonin (Nautiyal et al., 2012). Intriguingly, migration of mast
cells into the parenchyma can be induced. Studies in animal models have shown that mature

Immunity. Author manuscript; available in PMC 2018 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Herz et al.

Page 7

mast cells increase in number in the brain during prolonged phototherapy (Silverman et al.,
2002). Since mast cells seem to be among the few immune cells that migrate into the CNS
under physiological conditions, an understanding of how they can affect neuronal function
may open new therapeutic targets for cognitive disorders.

Alterations in mast-cell interactions, numbers, and functioning in the brains of aged
individuals have not been extensively investigated. An interesting goal for future studies
will be to understand what dictates the specificity of mast-cell action on neurons, microglia
and endothelial cells, and whether their manipulation might allow targeted delivery of
neuromodulators to specific brain regions. Because of their location at the host environment
interface of the brain, as well as their ability to communicate via lymphatics, it seems
reasonable to speculate that mast cells serve a unique duty of long-distance delivery of small
quantities of mediators that they sense in the blood and the CSF. Mast cells are also known
for their ability to recruit other immune cells to sites of action, and have been proposed as
major immune regulators in multiple sclerosis, seizure induction, and CNS infection (Sayed
et al., 2010; Skaper et al., 2013; Yillar and Kucukhuseyin, 2008).

Autoimmunity

Multiple sclerosis (MS) is the most common autoimmune disorder affecting the brain and
spinal cord. While the cause of this disabling disease is not entirely clear, the underlying
mechanisms are considered to be attacks on the nervous system by infiltrating immune cells,
especially auto-aggressive T cells. In recent years many studies have demonstrated that the
cooperation between myeloid cells and activated myelin-reactive T cells contributes to lesion
formation in the white matter of the brain (Brendecke and Prinz, 2015; Prinz and Priller,
2017). Other reports suggest, however, that myeloid cells can aid recovery by promoting
remyelination (Miron et al., 2013), secreting neuroprotective mediators (Butovsky et al.,
2006), and promoting phagocytosis of growth-inhibitory myelin debris (Piccio et al., 2007).
Thus, their role in pathological mechanisms of CNS autoimmunity remains controversial.

Myeloid cells are among the most prominent of the immune infiltrates in MS, and

large numbers of macrophages, monocytes, and DCs have been identified in actively
demyelinating lesions (Bruck et al., 1996; Henderson et al., 2009). In experimental
autoimmune encephalomyelitis (EAE), an animal model for MS, myeloid cells act in concert
with T cells, and strategies for myeloid cell depletion using genetic tools and chemokine-
receptor-deficient mice, or pharmacological treatments with clodronate liposomes, silica
dust, or minocycline, have been found to alleviate or even prevent neurological symptoms
(Mildner et al., 2009). Whereas tissue-resident microglia seem to clear tissue debris,
contribute to recovery, and aim to protect the CNS, monocyte-derived phagocytes instruct
demyelination (Goldmann and Prinz, 2013; Lewis et al., 2014; Yamasaki et al., 2014).

The pathological role of circulating Ly6CNCCR2* monocytes has been well described

in neuroinflammatory conditions (Ji et al., 2013). Notably, T cell-derived granulocyte
macrophage colony-stimulating factor (GM-CSF) is the major driver of C-C chemokine
receptor (CCR) 2 positive monocyte-mediated activities (Croxford et al., 2015) and is
sufficient to induce EAE (Spath et al., 2017). Once in the CNS, infiltrating myeloid cells not
only exert effector function by attracting lymphocytes, but also generate oxidative stress and
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cytotoxic factors (Fischer et al., 2012). Due to their phenotypic similarities, the behavioral
responses and the fate of monocytes and microglia have not been completely resolved. It
was suggested that they do not integrate into the CNS on a permanent basis (Ajami et al.,
2011). The use of new genetic systems, such as CX3CR1ERT2Cre transgenic mice (which
allows specific manipulation of microglia function (Parkhurst 2013)) will presumably enable
us to more directly study and manipulate microglia or monocytes separately.

Before T cells cross the glia limitans, they exit the vascular lumen and gather in
perivascular and meningeal spaces. Recent research has shed light on perivascular and
meningeal myeloid cells that are strategically placed at CNS interfaces that are believed to
reactivate infiltrating autoreactive T cells to undergo expansion and enter the parenchyma
(Bartholomaus et al., 2009; Pesic et al., 2013; Tran et al., 1998). Blocking the adhesion
molecule very late antigen-4 (VLA-4) with monoclonal antibodies strongly impairs the
migration of T cells into the brain parenchyma (Polman et al., 2006). Moreover, local
injection of the chemokine blocker anti-CXCR3 mAb, but also of anti-LFA-1 (lymphocyte
function-associated antigen 1) and VLA-4, into the CSF results in detachment of T cells
from the meninges and decreased T cell invasion of the spinal cord parenchyma (Schlager et
al., 2016). Meningeal phagocytes produce the appropriate ligands required to enforce T cell
adhesiveness (Schlager et al., 2016). The exact anatomical location (periphery, secondary
lymphoid tissue, or meningeal spaces) of these T cells, and the identity of the agents that
activate them to become encephalitogenic, is still a subject of dispute.

DCs, under autoimmune disease conditions, perform five known major functions: (i) they
sample and process CNS antigens; (ii) they shape the anti-myelin T cell response in
draining lymph nodes; (iii) they maintain and overcome tolerance to CNS antigens; (iv)
they reactivate T cells in the meninges; and (v) they directly induce tissue damage within
the CNS (Sie and Korn, 2017). Importantly, autoreactive T cells encounter their cognate
antigen on an APC at least twice over the course of disease: at the initial priming and again
during reactivation in the CNS (Greter et al., 2005). Compared to healthy subjects, patients
with MS demonstrate an abundance of DCs (both classical DCs (¢cDC) and plasmacytoid
DCs (pDC)) in the CSF and around MS lesions (Lande et al., 2008; Longhini et al., 2011).
pDCs (but not cDCs) from MS patients exhibit pronounced upregulation of CCR5 and
CCRY7, which is thought to alter their trafficking behavior and direct their migration to the
CNS-draining lymph nodes in order to activate the autoimmune T-cell repertoire (Thewissen
etal., 2014).

Most concepts of DC biology, and specifically of how they orchestrate T-cell differentiation
at different stages of CNS autoimmune diseases, are derived from research findings on
EAE in mice and rats. Strikingly, DCs isolated from EAE models effectively transfer

the disease to naive recipients (Knight et al., 1983). Although DCs are important for the
priming of autoreactive lymphocytes, several models of DC lineage ablation show that
these cells are not strictly required and that other APCs can substitute for them (Isaksson
etal., 2012; Yogev et al., 2012). While the type and source of antigens that initiate MS

are not known, experimental evidence suggests that both antigens and APCs from the
meninges can reach the deep cervical lymph nodes and potentiate an adaptive immune
response against myelin (Karman et al., 2004). The deep cervical lymph nodes of MS

Immunity. Author manuscript; available in PMC 2018 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Herz et al.

Page 9

patients have indeed been found to harbor neuronal antigens in non-inflammatory major
histocompatibility complex (MHC) 1I* cells (van Zwam et al., 2009). It is not yet known,
however, which of the known routes (nasal, perineural, or meningeal lymphatics) serve as
the major conduit for sampling and processing of antigens and for APCs to exit the CNS
(Engelhardt et al., 2017; Kipnis, 2016). In addition to initiating immune responses, DCs
also promote and maintain peripheral T-cell tolerance by inducing Teg, and mice lacking
CD11c* cells are hypersensitive to EAE (Yogev et al., 2012). Despite some major advances
in the characterization of human DCs, however, the full functional range of subsets and
roles, both for the promotion and for the inhibition of pathology, remains to be determined.

Given their secretory nature and their residence in the CNS and meninges, it is not surprising
that mast cells are involved in the initiation and progression of MS. These cells were
identified in the CNS in the vicinity of MS lesions (Theoharides, 1990; Toms et al., 1990),
and the proportion undergoing degranulation was significantly increased in EAE brains

(Bo et al., 1991; Brenner et al., 1994). Mice deficient in mast cells showed profoundly

less susceptibility than normal mice to EAE because of their diminished accumulation of
autoreactive T cells in the meninges (Christy et al., 2013). Prior to disease onset, these cells
secrete several inflammatory mediators that induce neutrophil influx and alter BBB integrity
at early stages of the disease (Zhuang et al., 1996). Notably, mast cells appear to greatly
facilitate T-cell recruitment and amplify their effector function through the action of IL-1p
and GM-CSF (Russi and Brown, 2015).

Despite some convincing concepts of adaptive immunity, derived from the vast amount

of research done over the last half-century, drugs targeting putative mediators for T-cell
adhesion and penetration into the CNS have adverse side effects, Thus, understanding MS
and stopping it in its tracks also clearly requires keener insight into the workings of the
immune system’s myeloid compartment, comprising the cellular players of innate immunity.

Degeneration

The continuing rise in human life expectancy is accompanied, not surprisingly, by a
dramatic increase in the frequency of neurodegenerative disorders. Neurodegeneration can
manifest in many different diseases. Some of the more common diseases are Parkinson’s
disease (PD), Alzheimer’s disease (AD), frontotemporal dementia (FTD), amyotrophic
lateral sclerosis (ALS; also known as Lou Gehrig’s disease), and Huntington’s disease
(HD). All are characterized by a progressive degeneration of neurons, with associated motor
dysfunction, sensory impairment, memory loss, and personality changes. The role of the
immune system in neurodegenerative diseases is complex, being protective in some cases
and detrimental in others (Donnelly et al., 2011; Heppner et al., 2015; Prokop et al., 2013;
Selkoe and Hardy, 2016; Shechter and Schwartz, 2013; Vinet et al., 2012; Walsh and Kipnis,
2011). Here we will discuss myeloid cells and their impact on neurodegeneration.

AD is characterized by gradual memory loss as a result of progressive brain atrophy
accompanied by hallmark amyloid plaques and neurofibrillary tangles (Bertram et al.,
2010; Sweeney et al., 2016; Zhao et al., 2015). While the participation of myeloid cells
(microglia as well as peripheral monocytes and their derived macrophages) in AD has been
extensively researched, their contributions to disease pathology and repair are still a matter
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of debate (Hong et al., 2016; Prokop et al., 2015; Simard et al., 2006; Yamasaki et al., 2014).
Simard et al. have shown that bone marrow-derived mononuclear phagocytes infiltrate the
AD mouse brain and accumulate around amyloid-f plaques. Transplantation of wild-type
bone marrow into AD mice, was found to result in reduced AD pathology, supposedly
owing to phagocytic actions of the bone marrow-derived cells (Simard et al., 2006). Disease
pathology was reported to be further ameliorated upon treatment of mice with macrophage
colony-stimulating factor (M-CSF) after bone-marrow transplantation (Boissonneault et al.,
2009). Supporting evidence for the role of peripheral blood-borne macrophages came from
studies in which CCR2 knockout mice were crossed with APP mice (Tg-2576) (El Khoury
etal., 2007). CCR2 is required for monocyte infiltration into the CNS (Naert and Rivest,
2011); the worsened AD pathology in these mice was explained as due in part to inability of
peripheral monocytes to enter the CNS parenchyma.

Findings on monocyte-derived macrophages in AD are inconclusive (Prokop et al., 2015).
It is commonly believed that monocytes do not engraft CNS unless it is preconditioned

by irradiation (Mildner et al., 2007). Indeed microglia, unlike all other tissue-resident
macrophages, are not replaced by peripheral cells throughout life, but maintain their pool
through cell proliferation (Ginhoux et al., 2010; Goldmann et al., 2016a). Studies of
parabiotic mice showed that a CNS disease state (such as ALS, for example) is insufficient
to allow monocyte recruitment (Ajami et al., 2007). Moreover, those studies suggested
that only unique bone marrow-derived progenitors, which are not normally found in the
peripheral blood, are capable of engrafting the brain parenchyma (Ajami et al., 2011;
Ajami et al., 2007). The situation is different in severe inflammatory conditions such as
EAE. Peripheral monocytes in EAE do enter the CNS parenchyma, but are believed to be
short-lived (Ajami et al., 2011; Mildner et al., 2007), and their role in EAE pathogenesis is
supposedly detrimental. It is therefore still a matter of debate whether peripheral monocytes
contribute to disease pathology, ameliorate it, or do not even enter the CNS parenchyma
(Figure 3).

During development, C1q and C3 mark synapses for elimination by microglia (Schafer

et al., 2012). A similar mechanism was recently suggested to participate in early stages

of AD (Hong et al., 2016). This process is augmented by the presence of oligomeric
amyloid-B, and amyloid-B-dependent synapse loss can be prevented in mice lacking C1q,
C3, or CR3 (Hong et al., 2016). Overall, these data suggest that microglia contribute to
AD pathogenesis. However, mutations in TREMZ2 (a phagocytic receptor expressed by
microglia) have been associated with AD, and studies of AD mouse models suggest that
signaling through TREM2 is required for microglial phagocytosis. Thus, TREM2 deletion
results in accelerated AD pathology (Wang et al., 2016b). This view is challenged, however,
by studies in another mouse model of AD, where TREM2 deletion results in ameliorated
pathology (Jay et al., 2015). In this later work, interestingly, the proposed mechanism
operates through elimination of peripheral monocyte engraftment infiltration into the CNS
of TREM2-knockout mice. However, this study was based on phenotypic markers of
monocytes that did not discriminate them well from microglia (Butovsky et al., 2012).
More convincing parabiosis experiments indicate that peripheral blood monocytes are not
recruited to the diseased CNS, which argues against the hypothesis that monocytes engraft
during AD (Wang et al., 2016b). It is indeed questionable whether microglia play only a
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detrimental role in AD. Why would CNS-resident cells contribute to pathology of their own
site of residence? A more plausible scenario might be that aging imposes wear and tear on
microglia, making them incapable of coping with the challenges wrought by processes in the
aging brain. From an evolutionary point of view, the failure of microglia to support the brain
in its hour of need rather than their active contribution to the damage would be an easier
hypothesis to entertain.

The role of myeloid cells has also been actively studied in other forms of neurodegeneration,
such as FTD, PD, and ALS. FTD is a collection of diseases that are associated with

tau or TAR DNA-binding protein 43 (TDP-43) pathology and result in degeneration

of the frontal and temporal lobes of the brain, accompanied by progressive changes in
personality, memory, speech, and motor function. FTD is modeled in mice through loss of
the progranulin gene (Grn) (Filiano et al., 2013; Lui et al., 2016). In Grr-knockout mice,
microglia phagocytose important inhibitory synapses in the ventral thalamus. The resulting
hyperexcitation of thalamocortical circuits is manifested in obsessive-compulsive grooming
behaviors. This disease pathogenesis is attenuated in Grr-knockout mice that also lack
Clga, suggesting that the microglia affect FTD progression in a complement-dependent
manner (Lui et al., 2016).

Patients with ALS experience progressive degeneration of the motor neurons of the

spinal cord, resulting in motor dysfunction, muscular atrophy, paralysis, and death. ALS
pathogenesis is often associated with aggregates of superoxide dismutase 1 (SOD1), FUS,
or TDP-43 proteins. SOD1 mutants are often used to model ALS in mice. Initial studies

of ALS in mouse models suggested that myeloid cells play an important role in slowing
down progression of the disease (Appel et al., 2011; Beers et al., 2006). In later works, it
was debated whether the cells governing the detrimental versus beneficial effects on disease
progression are microglia or peripheral monocytes (Butovsky et al., 2012). Several studies
suggested that accumulation of monocytes in the CNS parenchyma during later stages of the
disease is detrimental. This notion was based on downregulation of the microglial genetic
signature and appearance of the monocyte signature in myeloid-cell transcriptomes isolated
from the spinal cords of these mice (Butovsky et al., 2012). Those studies were subsequently
challenged, as CCR2* cells could not be detected in the spinal cords of ALS mice (Chiu
etal., 2013). In any case, it seems that the presence of CCR2 would not be sufficient as
evidence either for or against engraftment of monocytes, because shortly after infiltration
into the intact CNS parenchyma, monocytes downregulate their CCR2 and upregulate their
CX3CR1, making them indistinguishable from microglia. These discrepancies emphasize
the urgent need for better genetic signatures and more effective tools to distinguish microglia
from monocyte-derived macrophages. Lack of these tools precludes our understanding

of the differential contributions of myeloid-cell subsets in the CNS, and often leads to
misinterpretation.

Myeloid involvement is particularly important for the wound-healing process after traumatic
CNS injury (Fig. 3). Whether the effects of myeloid cells on recovery are beneficial or
detrimental (or both) is still largely a matter of debate, and may depend on the type of

Immunity. Author manuscript; available in PMC 2018 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Herz et al.

Page 12

injury (Donnelly et al., 2011; Greenhalgh and David, 2014; Kroner et al., 2014; Popovich,
2014; Ransohoff, 2016; Rolls et al., 2008; Shechter et al., 2013c). Whereas in some types
of injury myeloid cells play an important beneficial role in promoting angiogenesis and
axon regeneration, in other injury models these cells apparently contribute to secondary
degeneration. In many instances the myeloid involvement is finely nuanced, with the
extent of recovery being critically influenced by the timing and the route of myeloid cells
infiltrating post injury. Below we discuss the participation of myeloid cells in several types
of traumatic CNS injury.

Labeling for markers of microglia and astrocytes in the injured CNS nicely demonstrates
mutually exclusive coverage by these two types of CNS-resident cells. Whereas the site of
injury is occupied by microglia, astrocytes demarcate its borders by generating a glial scar
(Hauben et al., 2000; Sofroniew, 2005). Macrophages derived from peripheral monocytes
are also found at injury sites, where they intermingle with microglia and also interact with
astrocytes at the borders of the injury epicenter (Shechter et al., 2009; Shechter et al.,
2013c).

Historically, macrophages and other immune cells were considered to be detrimental to
recovery from injuries to nervous tissue. This view was initially challenged by research

in the peripheral nervous system, where macrophages play important roles in clearing
myelin debris and supporting neural regeneration after injury (Hirata et al., 1999; Keilhoff
et al., 2007; Venezie et al., 1995). Later, beneficial roles were attributed to peripheral
macrophages also in rodent injuries to the CNS (Benowitz and Yin, 2007; Shechter et al.,
2013c), by inducing recovery of severely damaged axons optic nerve crush injury models
and regeneration of severed axons in models of spinal cord transection (Rapalino et al.,
1998). These activated macrophages were suggested to contribute to axonal regeneration
through production of growth factors and clearance of myelin debris, but in reality the
mechanisms underlying those beneficial effects were not fully understood. Future studies
should be aimed at gaining a better understanding of the differential roles of various myeloid
cell subtypes operating at different times after CNS injury and their specific mechanistic
contributions to the acceleration or amelioration of damage.

There is overall consensus that peripheral monocytes migrate into the injured CNS tissue,
although the exact routes of entry and the types of infiltrating myeloid precursors remain

to be more precisely clarified (Shechter et al., 2013c). Some studies have claimed that
potentially beneficial monocyte responses cannot be fully expressed in the injured CNS
because the monocytes are trapped within the fibrotic glial scar (Shechter et al., 2009).
Dissociation of the extracellular matrix around the injured area, thereby allowing monocytes
to populate a site otherwise predominantly occupied by microglia, improved neuronal
survival.

There is also argument over the types of monocytes that enter the site of injury. Progenitors
of protective tissue-building macrophages are suggested to enter from the choroid plexus
and migrate to the injury site through the central canal, whereas detrimental progenitors of
classically activated macrophages supposedly enter through the blood vasculature (Roth

et al., 2014; Russo and McGavern, 2015; Shechter et al., 2013c). The hypothesis of
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differential routes of entry for different macrophage precursors, while interesting, raises
numerous questions. For example, how do the different precursors know which path to take?
What chemokines guide the two different monocyte populations? Why would detrimental
monocytes be needed at the site of injury at all?

We have demonstrated that CNS injury results in generation of an alarm signal, interleukin
33 (IL-33), which is secreted by damaged oligodendrocytes (Gadani et al., 2015a; Gadani et
al., 2015b). In astrocytes, 1L-33 induces the secretion of various chemokines, among them
CCL2, which in turn recruits peripheral blood monocytes (supposedly via the meningeal
blood vasculature, although this requires further substantiation). Elimination of I1L-33,

or lack of CCR2 expression on monocytes, results in impaired outcome of spinal cord
injury. The mechanism underlying acquisition of a beneficial phenotype by CNS-engrafting
monocytes has yet to be identified.

We have recently demonstrated the presence of innate lymphoid cells type-2 (ILC2) cells
within meningeal tissue (Gadani et al., 2017). In response to spinal cord injury these cells
become activated via IL-33 signaling and produce IL-5 and IL-13, which in turn may trigger
an alternative activation phenotype of engrafting monocytes, thereby dictating a beneficial
response. It is plausible that in the absence of IL-33 or ILC2 cells the infiltrating myeloid
and lymphoid cells will acquire a more pro-inflammatory phenotype, thus damaging rather
than supporting the injured spinal cord tissue. Further work is needed in order to address
these hypotheses and test them in animal models.

Not only monocytes but also neutrophils play beneficial roles in CNS injury, primarily

in models of optic nerve crush. For example, the addition of zymosan after optic nerve
crush results in severe neuroinflammation and in recruitment of neutrophils that potentiate
neuronal outgrowth (Baldwin et al., 2015; de Lima et al., 2012; Yin et al., 2003).

The post-injury role of microglia is possibly even less well understood than that

of peripheral monocytes. Because the post-injury response of activated microglia is
indistinguishable from that of monocyte-derived macrophages, there are no tools for
depleting microglia without also affecting the macrophages. Thus, their roles in recovery,
when taken together, may run the gamut from destructors to protectors (or simply bystander
observers), and there is literature to collectively support all of them (Gadani et al., 2015a)
(Figure 3). Further work and more sophisticated tools will be needed to prise apart the
contributions of microglia and those of monocytes to neural recovery after CNS injury. It

is also important to note that in models of traumatic brain injury and of stroke, the role of
inflammation is more generally referred to as detrimental. These views may also sharpen

as better tools are developed for interpreting the ways in which cells during different injury
paradigms might convey their “reports” on the state of the damaged tissue to the peripheral
immune cells. It is possible, for example, that interference with glymphatic function (a
proposed mechanism how extracellular solutes clear out of the brain parenchyma) as a result
of head trauma or a stroke would delay the delivery of danger signals to the lymph nodes,
resulting in delayed and altered immune responses—an outcome that emphatically is not
the case after injury to the spinal cord. It is also possible that impaired glymphatic function
might result in the accumulation and persistence of toxic immune mediators within the site
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of injury, triggering irreversible destructive processes. Future studies should adopt a more
global approach when investigating immune responses to CNS injury and take into account
not only the possibility of interference with glymphatic function (Xie et al., 2013), but also
the possibly disrupted function of meningeal lymphatic vessels (Louveau et al., 2015b) that
communicate signals from the CNS to the peripheral immune system.

Myeloid cells are uniquely positioned and endowed to respond quickly to CNS-invading
pathogens, including bacteria, viruses, fungi, and parasites. Pathogenic invasion occurs
through paracellular or transcellular routes (Coureuil et al., 2009; Konradt et al., 2016),
through retro- and anterograde migration on neuronal projections, and through the ability to
hijack a migratory cell (often a monocyte) in order to cross the BBB (Drevets et al., 2004).
Once the trespassers have gained entry into meningeal spaces, the macrophages that reside
there—as well as those in perivascular spaces—will take a particular interest in eliminating
the invaders, and will thereby ultimately protect the CNS against inflammation (Bauler
etal., 2017; Polfliet et al., 2001). Following this disciplinary action, the macrophages
release a variety of chemoattractants into the CSF to recruit neutrophils and monocytes

for additional support (Klein et al., 2017; Mildner et al., 2008). Unfortunately, this process
is not always beneficial, and the pathological potential of the recruited monocytes has

been actualized into several CNS disease models. Release of hostile players such as
proteolytic enzymes, barrier-disrupting cytokines including TNFa, IL-6 and IL1p, as well
as reactive oxygen species, promote vascular and basement-membrane breakdown. In
meninges infected by lymphocytic choriomeningitis virus, disease develops through the
release of chemoattractants by CD8 T cells, thus demonstrating an underlying role for
adaptive immune cells in setting the stage for immunopathology. Numerous monocytes
extravasate from the vascular lumen in a synchronized event that leads to global micro-
hemorrhages in the meninges and induction of fatal seizures (Kim et al., 2009). The impact
on the BBB might derive from monocyte adherence to the blood vasculature (Wedmore
and Williams, 1981) or chemokine release (Stamatovic et al., 2005). In line with these
observations in animal models, a minimal presence of T-cell responses in the CSF of patients
with acute bacterial meningitis correlated with a larger number of monocytes and increased
risk of mortality and inflammatory syndrome (Jarvis et al., 2015). Therapies aimed at
reducing neutrophil and monocyte activation are challenging because of the rapid turnover
of these cells and adverse side effects on otherwise beneficial myeloid cells. However,
peripheral sampling of CNS-released antigens is an important pathway for initiating immune
responses to pathogens, and drainage routes might be accessible to treatment. Homing

of DCs to CNS meninges (Anandasabapathy et al., 2011) indicated that antigens can be
processed and loaded on meningeal APCs. Using intracerebral injection of antigen-loaded
DCs it was revealed that these DCs migrate from the CNS into draining lymph nodes
(Karman et al., 2004) and are retained if CCR7 is deficient (Clarkson et al., 2017). Upon
reaching the lymph nodes, DCs might be implicated in activating T cells and potentially
leading to recruitment of activated T cells back to the brain; this, however, has not been
shown under either physiological or inflammatory conditions.
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The route of entry into the CNS is a key factor for further dissemination of the pathogen
from the meninges to the parenchyma. The ability to leave the vascular compartment
without serious detection and with limited bystander damage might have evolved as a
smart mechanism to facilitate the transmission of parasites such as 7oxop/lasma gondii

and plasmodium. Although the detection machinery of the CNS is composed of pattern
recognition molecules along all routes of invasion, microbial pathogens nevertheless escape
or are not noticed. Microglia can contribute to the phagocytosis of pathogens (Goldman et
al., 2001) or to the recognition of acute bacterial compounds through Toll-like receptors.
These responses might enhance pathogen clearance, but they might also affect neurogenesis
and consequently induce neurotoxicity through the release of oxidants that activate the
inflammasome (Braun et al., 1999). In persistently infected mice, microglia can be a
reservoir of viral infection and be prompted to present antigens and support CD8 T-cell-
mediated viral clearance (Herz et al., 2015). A key challenge for neuroimmunologists, then,
will be to understand how to promote local antimicrobial immune responses without causing
pathology. Differential targeting of the local immune systems and molecular tactics in the
CNS may therefore be a suitable goal.

Concluding remarks

An accumulation of exciting evidence points to the likelihood of extensive crosstalk between
myeloid and CNS-resident cells, even in the absence of overt immunopathology. Their exact
function might differ according to distinct subsets and locations, but it appears that myeloid
cells confer an overall beneficial effect on CNS health. Steady-state cellular actions are
fundamental for the guidance of neurons, the refinement of synapses, and the ability to
generate memories. If communication is interrupted by protein deposits like amyloid-p,
physical and mental abilities will falter. Pathologies such as PD and AD evidently possess
some degree of maladaptive myeloid cells as contributing factors, raising the possibility of
developing a new angle of therapeutic intervention.

Myeloid cells closely observe the vasculature, scavenge the material that enters tissue fluids,
and participate in basic tissue cleanup. Key cellular components of myeloid immunity

in the perivascular spaces, choroid plexus, and meningeal lining dutifully shield the

CNS parenchyma from external influences and invaders. Their activities as bodyguards
experience a fundamental change of scene in the inflamed CNS, once the BBB is

disrupted and peripheral cells and compounds gain access to it. Microglia and other brain
macrophages are now subjected to a new and unfriendly environment, with peripheral cues
to which they may respond by malfunctioning. Despite major advances, several key areas
still demand investigation. These include, for example, the capacity of myeloid cells to
self-renew, the functional fulfillment of stem-cell therapy or bone-marrow transplantation
to replace endogenous populations, and the molecular tactics employed by myeloid cells to
communicate with CNS neurons.
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Figure 1. CNS-associated myeloid cells in homeostasis
Within the complex anatomy of the brain and spinal cord, myeloid cells are strategically

positioned in the parenchyma, nearby its blood vessels and within the meninges, where they
fulfill homeostatic and surveillance tasks. While microglia are situated in the parenchyma
and actively scan intraneuronal space, macrophages, dendritic cells and mast cells reside in
the linings such as the meninges and choroid plexus and sample local debris and intruders
from the blood and cerebrospinal fluid (Goldmann et al., 2016a). The communication

with the peripheral immune system is presumably happening through meningeal lymphatic
vessels, through which meningeal immune cells and soluble molecules drain to the deep
cervical lymph nodes. It is important to note that depletion of myeloid cells in the CNS
compartments leads to disturbed neurogenesis, impaired blood-brain barrier integrity and
neuronal dysfunction.
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Figure 2. CNS modulating roles of microglia
Microglia contribute to neuronal health but also participate in neuronal dysfunction and

morphologic abnormalities. Left: The neuro-supportive role of microglia is mediated by
secretion of trophic factors, such as BDNF (brain-derived neurotrophic factor) (Parkhurst

et al., 2013) and participation of pruning as part of the normal developmental program
(Paolicelli et al., 2011; Stevens et al., 2007). Their phagocytic activity is crucial for the
cleanup of senescent cells and debris (Takahashi et al., 2005) and slowing the toxic effect

of amyloid-p (Farfara et al., 2011). Right: Without vital microglia function, the CNS loses
an essential facilitator of neuronal synaptic function (Parkhurst et al., 2013). Interactions
with neurons promote plasticity but aberrant activity may facilitate intense inflammatory
reactions that result in CNS pathology (Zhang et al., 2011). Phagocytic pursuit declines with
age and can promote the progression of pathology and lead to cognitive regression (Hickman
et al., 2008).
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Figure 3. Monocytes roles in CNS diseases
In EAE, monocytes apply cytotoxic effects on neurons and trigger disease progression

by stripping myelin. Contrary, after traumatic injury peripherally derived monocytes are
required to remove cellular debris and ultimately promote regeneration. In Alzheimer’s
disease, monocytes potentially reduce amyloid loads in the brain through enhanced
clearance of amyloid plaques. However, most recent data argue against the possibility that
monocytes infiltrate the CNS so their involvement is questionable. Targeting circulating
Ly6C+ monocytes slowed amyotrophic lateral sclerosis (ALS) progression and attenuated
neuronal damage. Their presence and potentially damaging actions within the CNS remain

controversial.
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