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For decades, several axioms have prevailed with respect to the relationships between the CNS and circulating immune cells. Specifically,
immune cell entry was largely considered to be pathological or to mark the beginning of pathology within the brain. Moreover, local
inflammation associated with neurodegenerative diseases such Alzheimer’s disease or amyotrophic lateral sclerosis, were considered
similar in their etiology to inflammatory diseases, such as remitting relapsing-multiple sclerosis. The ensuing confusion reflected a lack
of awareness that the etiology of the disease as well as the origin of the immune cells determines the nature of the inflammatory response,
and that inflammation resolution is an active cellular process. The last two decades have seen a revolution in these prevailing dogmas,
with a significant contribution made by the authors. Microglia and infiltrating monocyte-derived macrophages are now known to be
functionally distinct and of separate origin. Innate and adaptive immune cells are now known to have protective/healing properties in the
CNS, as long as their activity is regulated, and their recruitment is well controlled; their role is appreciated in maintenance of brain
plasticity in health, aging, and chronic neurodevelopmental and neurodegenerative diseases. Moreover, it is now understood that the
barriers of the brain are not uniform in their interactions with the circulating immune cells. The implications of these new findings to the
basic understanding of CNS repair processes, brain aging, and a wide spectrum of CNS disorders, including acute injuries, Rett syndrome,
Alzheimer’s disease, and multiple sclerosis, will be discussed.

Introduction
The epithelial border of the brain orchestrates trafficking of
inflammation-resolving leukocytes to the CNS: implications
to neurodegenerative diseases and aging
The prevailing notion that immune cells are unequivocally detri-
mental to the CNS was mainly a reflection of the anatomy of the
brain, a tissue surrounded by barriers, and of the local neuro-
inflammation seen under almost all pathological conditions, in-
cluding sterile injuries, chronic neurodegenerative diseases,
neurodevelopmental diseases, and even depression. More than a
decade ago, this view was revisited, and it was proposed that it is
unlikely that such an essential tissue would be unable to harness

the body’s key system of maintenance and repair, the immune
system (Schwartz et al., 1999; Schwartz and Cohen, 2000;
Schwartz and Shechter, 2010a). Using models of acute axonal
injury, such as injury to the optic nerve or spinal cord, key obser-
vations were made by demonstrating that monocyte-derived
macrophages and CD4� T cells recognizing brain antigens (au-
toimmune T cells) have an essential supportive role in recovery
from injurious conditions (Rapalino et al., 1998; Moalem et al.,
1999; Hauben et al., 2001; Yoles et al., 2001) as well as chronic
neurodegenerative diseases (Frenkel et al., 2003; Serpe et al.,
2003; Beers et al., 2008; Reynolds et al., 2010). Nevertheless, fol-
lowing these initial observations, some puzzling questions re-
mained unresolved: (1) What is the nature of the autoimmune T
cells (effector, regulatory, or both) needed for CNS repair, and
what are the relationships between their beneficial effect and that
of innate immune cells, including the blood-borne macrophages
and activated resident microglia? (2) Why are blood-borne mac-
rophages needed for repair if the CNS is populated by resident
microglia? Do the macrophages account for microglial turnover?
Are microglia and macrophages redundant cells, or do they have
distinct activities? (3) How can the benefit of CNS-specific T cells
be reconciled with the general perception of autoimmune cells as
causing autoimmune disease? (4) How do the immune cells ben-
efit the CNS if their entry requires breaching of the blood– brain
barrier (BBB)? (5) If indeed circulating immune cells are needed
for recovery, why is their recruitment limited after injury? (6) If
immune cells are needed for repair, as an extreme case of restor-
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ing homeostasis, do these cells also have a role in normal brain
plasticity as well? (7) Finally, if immune cells have a role in life-
long brain plasticity, what is their involvement in delaying aging
of the brain, onset of chronic neurodegenerative disease, or de-
velopment of congenital neurodevelopmental disease?

Monocyte-derived macrophages have an essential role as
inflammation-resolving cells in recovery from acute CNS injury.
Macrophage heterogeneity (Auffray et al., 2009) in the CNS was
not appreciated until recently with respect to function (Shechter
et al., 2009) and origin (Ginhoux et al., 2010), as activated mac-
rophages and resident microglia are indistinguishable by histo-
logical criteria; thus, these two cell populations, when activated,
were considered to be redundant and similarly detrimental
(Gensel et al., 2009). However, in 1998, injection of ex vivo “al-
ternatively activated” blood macrophages was shown to promote
recovery from experimentally induced spinal cord injury (Ra-
palino et al., 1998). These pioneering observations were the first
indications that blood-borne macrophages are potentially bene-
ficial for CNS repair. Using chimeric mice, in which monocytes,
but not the microglia, express a green fluorescent protein, GFP
(CX3CR1 gfp � wild-type chimeras), it became possible to distin-
guish between resident-activated microglia and infiltrating
monocyte-derived macrophages, at the site of spinal cord injury
(Rolls et al., 2008; Shechter et al., 2009). Importantly, in the ab-
sence of injury, blood-derived macrophages are excluded from
the healthy host brain (as long as the heads of the mice are
shielded during the irradiation process that is required to ablate
the host bone marrow to enable engraftment) (Shechter et al.,
2009). After spinal cord injury, blood-derived GFP� myeloid
cells were found at the lesion site; yet, the majority of these
recruited cells arrived with a delay relative to the initial injury-
associated breach of the BBB. Conditional ablation of the recruited
blood-derived macrophages, using an ablation system based on
expression of the diphtheria toxin receptor under control of the
CD11c (a macrophage-specific marker) promoter (Jung et al.,
2002), worsened the functional motor score of the injured animals,
extended the lesion size, and led to an overall enhanced inflamma-
tory response manifested by the local activated microglia (Shechter
et al., 2009). Thus, it was found that the blood-derived macrophages
are recruited to the injury site after insult and facilitate the resolution
of the local immune response by displaying an anti-inflammatory
activity required for the regulation of the activated microglia (Shech-
ter et al., 2009). Analysis of the type and activity of the monocyte-
derived macrophages at the lesion site as a function of time revealed
that, under injurious conditions, both monocyte-derived macro-
phages expressing proinflammatory activity (M1-like) and
monocyte-derived macrophages inducing anti-inflammatory effects
(M2-like) are present, although the former population appears ear-
lier and its presence is transient (Shechter et al., 2013b). It was further
found that the activity of M2-like blood-derived macrophages is
dependent on the expression of IL-10, the classical anti-
inflammatory cytokine known to be associated with alternatively
activated (M2) macrophages (Shechter et al., 2009). Ablation of the
blood-derived macrophages followed by their replacement with
macrophages that are defective in IL-10 expression results in im-
paired overall recovery (Shechter et al., 2009). Conversely, boosting
normal monocyte recruitment results in improved recovery (Shech-
ter et al., 2009).

Within the time frame of the resolution of the local innate
inflammatory response, the resident microglia fail to acquire an
M2-like phenotype. It was also found that acquisition of this
resolving (M2) phenotype is dependent on their spatial colocal-
ization with the extracellular matrix proteins, chondroitin sulfate

proteoglycan (Rolls et al., 2008, 2009), known to be inhibitory for
axonal growth (Silver and Miller, 2004; Fawcett, 2009). Intrigu-
ingly, the monocyte-derived macrophages, which acquire their
anti-inflammatory activity in part through their interaction with
chondroitin sulfate proteoglycan, also express enzymatic activity
that allows them to dissociate the matrix through which regrow-
ing axons need to extend (Shechter et al., 2011). Collectively,
these results suggested that recruitment of monocytes is required
for resolution of the inflammatory response and of the scar. Both
inflammation and the scar are essential phases of healing that
nevertheless become destructive if not resolved in a timely man-
ner (Shechter and Schwartz, 2013a, b). Independent studies have
shown that macrophages support axonal regeneration (Yin et al.,
2006) and that well-controlled innate immunity also supports
CNS cell renewal under pathological conditions (Martino et al.,
2011; Kokaia et al., 2012).

T cells at the borders of the brain coordinate communication of
the CNS with the periphery. The findings that the monocyte-
derived macrophages recruited to the CNS are vital and beneficial
cells, and display a role that is nonredundant with that of the
microglia in resolving the inflammatory response (Shechter et al.,
2009), raised a key question regarding how such myeloid cells are
recruited to the CNS. A few years ago, it was demonstrated that
active or passive vaccination with CNS antigens, but not with
a non–self-protein, enhances recovery after axonal injury
(Moalem et al., 1999; Hauben et al., 2001). Subsequently, it was
demonstrated that boosting levels of CNS-specific circulating T
cells facilitates the accumulation of M2-like monocyte-derived
macrophages at the site of the injury (Shechter et al., 2009). Yet, it
remained unclear how the two phenomena are related. Recently,
it was found that those monocyte-derived macrophages, which
are recruited to the lesion site and locally differentiate to become
resolving macrophages (M2-like), enter through a designated
barrier, the choroid plexus (CP) within the blood–CSF barrier,
rather than through breached BBB. The blood–CSF barrier is a
unique barrier in the CNS as it is composed of epithelial cell tight
junctions and fenestrated endothelial cells, rather than endothe-
lial tight junctions. Thus, it was shown that the blood–CSF bar-
rier is not a “true” fixed barrier that blocks immune cell entry, but
rather, a selective and educative gate that enables selective cell
access, depending on the needs of the CNS (Shechter et al., 2013a;
Kunis et al., 2013). Recent examination of the cellular composi-
tion of the CP stroma revealed that it is constitutively populated
by distinct populations of CD4� T cells, which differ from those
in the blood circulation. High-throughput sequencing analysis of
the T-cell receptor repertoire revealed that these CD4� T cells
express T-cell receptors specific for CNS antigens and that their
memory phenotype is of an effector-memory type, in contrast to
the CSF, which is populated by central-memory T cells (Baruch et
al., 2013). Approximately 15% of these CD4� cells in the naive
CP were found to be IFN-�-producing Th1 cells, and their activ-
ity in this compartment was found to be crucial for the activation
of the CP as a gate for leukocyte trafficking to the CNS, by induc-
ing its expression of trafficking molecules (Kunis et al., 2013).
These and additional results suggest that CNS-specific T cells
residing in the CP serve as “gatekeepers,” mediating their local
and remote functions from within the CNS territory but outside
the parenchyma (Baruch and Schwartz, 2013).

The discovery of CNS-specific T cells at the CP was consistent
with the discovery that CNS-specific T cells are involved in the
maintenance of the functional plasticity of the healthy brain, in-
cluding hippocampal-dependent cognitive abilities and neuro-
genesis (Kipnis et al., 2004; Ziv et al., 2006; Ziv and Schwartz,
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2008; Wolf et al., 2009). Mice deficient in T cells or CNS-specific
T cells were found to exhibit reduced spatial learning and mem-
ory capabilities (Kipnis et al., 2004; Ziv et al., 2006). Moreover,
sudden imposition of immune deficiency in young mice causes
spatial-memory impairment, similar to age-associated memory
loss, which can be reversed by immune reconstitution (Ron-
Harel et al., 2008). Importantly, these studies, which suggested
that regulated immune cell activity is needed to maintain brain
plasticity, do not contradict results suggesting that severe inflam-
mation impairs neurogenesis. Rather, these results suggest that
immune cells regulate the homeostasis of the healthy paren-
chyma even from afar (Derecki et al., 2010; Schwartz and Shech-
ter, 2010b; Ron-Harel et al., 2011), yet the type of immune
activation critically determines its outcome (Monje et al., 2003;
Wurmser et al., 2004; Ekdahl et al., 2009; Rolls et al., 2009;
Derecki et al., 2010; Lindvall and Kokaia, 2010).

Based on the anatomical location and physiological functions
of the CP, we proposed that this unique neuro-immunological
interface is the site from which “protective immunity” can affect
brain function from afar and that the CP-resident CNS-specific
CD4� cells perform their regulatory function in response to de-
viation in either the periphery or within the CNS. Thus, effector
CNS-specific CD4� T cells, via IFN�, facilitate immune cell re-
cruitment through the brain’s CP (Kunis et al., 2013) and support
brain plasticity through their remote activity, via tightly con-
trolled levels of IL-4 (Derecki et al., 2010; Baruch et al., 2013);
such interactions, reflecting the ongoing cross talk between im-
mune cells and the CP, dynamically shape the brain and adjust to
the needs of the CNS for maintenance, protection, or repair (Ba-
ruch and Schwartz, 2013).

The fact that immune deviation in circulating immunity af-
fects the local effector cytokine milieu in the CP stroma, which in
turn affects CP function, led to the discovery that the aged CP is
characterized by overwhelming levels of IL-4 (Baruch et al.,
2013), leading to an overall milieu that is reminiscent of local Th2
inflammation (Shearer, 1997; Rink et al., 1998). Chronic eleva-
tion of IL-4 or acute high IL-4 levels are linked to epithelial Th2-
mediated inflammation and were most extensively studied in
cases of asthma, chronic obstructive pulmonary disease, and cys-
tic fibrosis (Cockcroft and Davis, 2006). In such situations, the
effects of IL-4 on epithelial tissues are destructive, inducing the
remodeling of the epithelium and contributing to a progressive
decline in function (Maarsingh, 2008). Similar age-related over-
whelming local levels of IL-4 were found to disrupt the CP epi-
thelial tight junctions, associated with a decrease in barrier
properties (Baruch et al., 2013), and are coupled with local eleva-
tion of arginase-1, a change that is strongly associated with Th2-
inflamed epithelial tissues (Maarsingh, 2008). Importantly, the
local Th2-inflammation of the aged CP was found to trigger ep-
ithelial cells to produce the chemokine, CCL11 (Baruch et al.,
2013), whose elevation in the plasma and CSF was recently linked
to impaired cognitive function and reduced hippocampal neuro-
genesis (Villeda et al., 2011; Villeda and Wyss-Coray, 2013). As
CCL11 is the ligand for the CCR3 receptor, which is expressed on
myeloid cells (He et al., 1997), it is possible that CCL11 acts on the
CNS-resident microglia or meningeal macrophages, shifting
their phenotype to a proinflammatory state, and thereby indi-
rectly affecting brain function. Thus, it is possible that CCL11
derived from the aged CP affects brain plasticity by either inhib-
iting the balanced levels of IL-4 shown to be essential for brain
plasticity (Derecki et al., 2010) or directly inhibiting neurogen-
esis, as was demonstrated in vitro (Butovsky et al., 2006; Villeda et
al., 2011). Regardless of the mechanism of action of CCL11, it is

likely that the local Th2 inflammation in the aged CP is part of an
overall age-related immunological dysregulation in this com-
partment, which involves the secretion of additional factors to
the CSF that might interfere with brain function.

The immune network as the missing link in chronic neurodegen-
erative diseases. Based on these results, it is clear that the brain’s
epithelial barrier, the CP, serves as an interface, through which
the CNS parenchyma delivers signals indicating needs, and the
circulation provides signals recruiting help. Innate immune cells
in the parenchyma, under physiological conditions, are sentinels
that sense mild deviations from homeostasis, and contain them.
Under severe injuries or chronic disease conditions, these resi-
dent cells are often inefficient, unresponsive, or defective and
must receive assistance or be replaced, as will be discussed below.

Accordingly, the immune cells in the periphery display dis-
tinct and complementary roles from those of the immune cells
within the brain parenchyma. The parenchyma requires the re-
cruitment of inflammation-resolving cells to the diseased or in-
jured tissue (Shechter et al., 2009). Yet, results suggest that for this
to happen, the CP must be activated. The CP, however, may not
be sufficiently activated because of either a deficiency in effector T
cells, overwhelming levels of circulating suppressor immune
cells, such as FOXP3� regulatory T cells, which are elevated in
aging and in chronic neurodegenerative conditions (for review,
see He and Balling, 2013), or lack of “danger” signals from the
parenchyma. According to this view, the state of the immune cells
in the circulation should provide an indication of how to modify
the circulating immunity as a means of modulating the CP to
ensure its proper activation, and optimal function as a gate for
recruiting immune cells that will locally contribute to immune
resolution, restoration of homeostasis, or tissue restoration. To-
gether, our current understanding suggests a novel target for
therapy of neurodegenerative diseases modulating the CP. Al-
though the target is common to all neurodegenerative condi-
tions, the specific approach will differ depending on the nature of
the CP dysfunction, and whether such dysfunction is an outcome
of the circulating immune milieu, or the CSF signaling.

Microglia and monocyte-derived macrophages in
neurodevelopmental pathology
Just as birth and death of organisms occur on a day-to-day basis,
these processes also occur on a microscopic scale in all cells of all
living organisms. This balance between birth and death at the
cellular level must be exquisitely regulated to maintain normal
function and avoid pathology. Failure to adequately remove dead
and damaged cells leads to a buildup of cellular debris, which can
be potentially harmful to neighboring cells and detrimental to
generative processes, thus leading to inadequate development in
early life, or early onset of degenerative disorders and premature
“aging” (Elliott and Ravichandran, 2010; Gregory and Pound,
2011). This is particularly important in the brain, where the tissue
is intensely metabolic, encapsulated within the confines of the
skull, which essentially serves as an exoskeleton, and separated
from the organism’s circulatory system by the BBB (Tremblay et
al., 2011; Schafer et al., 2012; Aguzzi et al., 2013). We propose that
phagocytosis, the mechanism for clearance of both self and for-
eign cellular material, is critical to normal brain development and
function, and that imbalance in this process of clearance and
regeneration may contribute to a number of developmental ab-
normalities: Rett syndrome, autism spectrum disorders (Derecki
et al., 2012, 2013) and neurodegenerative disorders (Alzheimer’s
disease [AD] and Parkinson’s disease) (Landreth and Reed-
Geaghan, 2009; Lee and Landreth, 2010).

Schwartz et al. • How Immune Cells Support and Shape the Brain J. Neurosci., November 6, 2013 • 33(45):17587–17596 • 17589



Phagocytosis has long been understood in the context of its
innate immune function, whereby professional phagocytes (mi-
croglia in the CNS) engulf and degrade foreign materials associ-
ated with pathogen invasion or created as a result of injury.
However, a larger picture is beginning to emerge, revealing im-
portant roles for microglia that go beyond this pathogenic re-
sponse and include homeostatic maintenance and support roles
for neurons (Tremblay et al., 2011; Schafer et al., 2012; Aguzzi et
al., 2013). Indeed, mice in which microglia (and all other macro-
phages) have been genetically removed, postnatal brain develop-
ment is severely perturbed, strongly supporting a role for
microglia in homeostatic brain development and function (Er-
blich et al., 2011). Similarly, our understanding of phagocytosis is
expanding to include cells not traditionally associated with en-
gulfment of waste materials (nonprofessional phagocytes), the
astrocytes and progenitor cells, in these maintenance and support
roles (Wu et al., 2009; Lu et al., 2011).

Recent work using mice deficient in methyl-CpG binding pro-
tein 2 (Mecp2-null mice), a gene found to be mutated in the
autism spectrum disorder, Rett syndrome (Zoghbi, 2002, 2005),
revealed an important role for phagocytosis by microglia in this
model (Derecki et al., 2012). These mice show much of the symp-
tomology seen in Rett patients: growth retardation, breathing
irregularities and apneas, and shortened lifespan (Chen et al.,
2001; Guy et al., 2001). Bone marrow transplantation with wild-
type donor marrow resulted in significant engraftment of
microglia-like cells into the brains of these Mecp2-null mice and
essentially arrested disease pathology (Derecki et al., 2012). We
subsequently determined that microglia from the Mecp2-null
mice exhibit profoundly impaired phagocytic ability compared
with wild-type microglia, suggesting that insufficient clearance of
debris from the brains of these animals may contribute to the
pathology. In addition, specific expression of wild-type Mecp2 in
myeloid cells of these null animals (LysmcreMecp2lox-stop/y) ar-
rested symptomology, but recovery was prevented if phagocytic
activity was impaired pharmacologically by blocking phosphati-
dylserine recognition using annexin V. These data provide prom-
ising new approaches for the treatment of Rett syndrome and
other neurodevelopmental and neurodegenerative disorders
where the buildup of debris may contribute to pathology. Such
diseases may include Alzheimer’s, Parkinson’s, and Huntington’s
diseases, and potentially other psychiatric disorders whose etiol-
ogy has previously been considered exclusively neurogenic in na-
ture (Yong and Rivest, 2009). Moreover, Nasu-Hakola disease, a
neurodegenerative disorder, has also been directly linked to dys-
function of microglial phagocytosis through mutations of trig-
gering receptor expressed on myeloid cells-2 (TREM2), a protein
which is critical for microglial phagocytosis of apoptotic neurons
and is only expressed on microglia in the brain (Takahashi et al.,
2005; Thrash et al., 2009).

As to the role of nonprofessional phagocytes in brain function,
we have shown that double-cortin-positive neuronal progenitor
cells play a significant role in adult neurogenesis through clear-
ance of accumulating apoptotic material in the neurogenic niches
(Lu et al., 2011). Two areas of the brain remain actively neuro-
genic in adulthood: the subventricular zone of the lateral ventri-
cles and the subgranular zone of the hippocampal dentate gyrus.
Within these niches, many thousands of double-cortin-positive
neuronal progenitor cells are generated each day, some destined
to become new neurons, others to become supporting glial cells
(astrocytes and oligodendrocytes), but many simply die off dur-
ing the process of network pruning and refinement. Because this
is an area of active cell (re)cycling, we wished to identify the cell

type(s) involved in phagocytosis in these areas. Our initial focus
was on astrocytes and astrocytic stem cells (glial fibrillary acidic
protein-expressing cells) because glia universally play major
phagocytic roles. To our surprise, however, the fluorescently la-
beled phosphatidylserine-containing liposomes used to track
phagocytosis appeared predominantly in double-cortin-positive
neuronal precursor cells in both these neurogenic niches. This
observation led us to speculate that inhibition of phagocytosis
might negatively impact progenitor differentiation and neuronal
development in vivo. Using annexin V, we inhibited apoptotic
cell clearance, which led to accumulation of apoptotic cell debris,
and a marked reduction in neuronal differentiation and survival,
indeed suggesting that an inability to clear cellular debris in these
brain areas impairs neurogenesis (Lu et al., 2011).

Together, these studies strongly support the notion that fail-
ure on the part of brain phagocytes, whether professional or non-
professional, to clear the extensive accumulation of debris
associated with normal neurogenesis, results in impaired neuro-
nal differentiation, development, and survival and may contrib-
ute to the pathology of diseases formerly considered purely
neurological in nature, including Rett syndrome, Alzheimer’s
disease, and Fragile X. Therefore, it is tempting to speculate that
restoring phagocytic activity in those conditions where it is lost
(Rett syndrome), or augmenting it in those where degeneration
may be accelerated (Alzheimer’s disease), may lead to profound
improvement in these conditions. Although pharmacological
agents have been identified that inhibit or prevent phagocytosis,
agents that selectively stimulate phagocytic activity remain to be
identified but could provide useful new treatment approaches.

Microglia and monocyte-derived macrophages in chronic
neurodegenerative diseases
In cases of infections, traumas, and pathological conditions, the
CNS comes into contact with small protein sequences forming
patterns that regulate innate immunity, found in large numbers of
microorganisms. Such patterns (named PAMPs for pathogen-
associated molecular patterns and DAMPS for damage-associated
molecular patterns) include proteins from bacterial membranes,
such as peptidoglycans, intracellular proteins, such as heat-shock
proteins, and small nonprotein molecules, such as ATP and urea,
and nucleic acid patterns, such as nonmethylated CpG-
containing DNA, dsRNA, and ssRNA (Kumar et al., 2011). These
are recognized by pattern recognition receptors (PRRs) of which
three major families exist: Toll-like receptors (TLRs), Nod-like
receptors (NLRs), and RIG1-like receptors (RLRs). The role of
these receptors in the CNS has been mostly studied in microglia,
but astrocytes, oligodendrocytes, endothelial cells, and even neu-
rons and neural stem cells also express functional levels of some
of these receptors (Rolls et al., 2007; Okun et al., 2010; Hanam-
sagar et al., 2012). The engagement of such receptors results in the
induction of specific pathways and the release of specific cyto-
kines that play a role in resolving injury. There are 11 TLR family
members in humans and 13 in mice. A role for TLR1–9 has been
described in the CNS; and although mostly active in microglia,
TLRs are also found in neurons, astrocytes, and endothelial cells.
TLRs can act alone or heterodimerize to create specific responses
to a given stimuli. All TLRs, except TLR3, signal through the
adaptive protein, Myd88, which leads to the induction of NF-�B
and the release of cytokines, such as IL-1�, TNF-�, and IL-12.
Conversely, TLR3 cannot activate Myd88, but signals through a
TRIF-dependent pathway, leading to the induction of IRF3 and
the production of other cytokines, such as IFN�. TLR4 can also
signal through TRIF with the help of the adaptor protein, TRAM.

17590 • J. Neurosci., November 6, 2013 • 33(45):17587–17596 Schwartz et al. • How Immune Cells Support and Shape the Brain



Both Myd88 and TRIF-dependent signaling pathways can engage
mitogen-associated protein kinase (MAPK) pathways, including
ERK1/2, p38, and JNK, which lead to the stimulation of cell
growth and the induction of inflammatory cytokine production
(Brown et al., 2011).

Microglia: a powerhouse of the innate immune system in the
CNS. Considered tissue-resident macrophages, much like
Kupffer cells in the liver or histiocytes in connective tissues, mi-
croglia are the only cells in the CNS of hematopoietic origin
(Soulet and Rivest, 2008b). Fate-mapping analysis has demon-
strated that hematopoietic precursors from the yolk sack popu-
late the CNS before the eighth embryonic day in mice (Ginhoux
et al., 2010). Once present, microglia are capable of self-renewal
and do not require replenishment by circulating monocytic pre-
cursors (Ajami et al., 2007). They are thus distinct from the
monocyte lineage of cells and other tissue-specific macrophages,
such as Kuppfer cells, in the liver for which the maintenance is
dependent upon the recruitment of bone marrow-derived cells
from the circulation (Klein et al., 2007). In the CNS, initial re-
ports suggested that the recruitment of bone marrow-derived
cells was an active event in normal physiology (Simard and
Rivest, 2004). After an intense debate on the subject (Soulet and
Rivest, 2008a), a consensus appears to have been reached follow-
ing new experimental evidence that bone marrow-derived cell
recruitment is a marginal effect in normal physiology (Lampron
et al., 2012), but important in pathological conditions affecting
the integrity of the CNS, such as stroke (Schilling et al., 2009),
multiple sclerosis (Floris et al., 2004), amyotrophic lateral sclero-
sis (Vaknin et al., 2011), and others. This recruitment can be
beneficial or harmful, depending on the condition studied
(Shechter and Schwartz, 2013b).

In their native state, microglia are highly ramified cells with a
small cellular body. Their extended processes allow microglia to
rapidly sense the presence of tissue damages or signs of infections
through PRRs. Microglia are highly plastic cells; they respond
rapidly to the danger signals released by injured cells and secrete
appropriate cytokines to both clear debris and to attract other
microglial cells (Soulet and Rivest, 2008b). They are specialized
cells that respond to specific stimuli in a much more specific and
ordered manner than was previously thought. To simplify the
concept of microglial response, a dichotomy in the activation
states of microglia was suggested. Based on the Th1/Th2 and
M1/M1 activation states of T cells and macrophages, respectively,
two basic states were suggested for microglia, mostly dependent
upon the nature of the stimulus. In the M1 activation state, also
known as the classically activated or proinflammatory state and
modeled in vitro by LPS stimulation, microglia show that high
levels of Ly6C expression secrete proinflammatory cytokines,
such as IL-1� and TNF-�, and have a high potential for phago-
cytosis and proteolysis (Martinez et al., 2008). Through the re-
lease of iNOS and ROS, M1 monocytes are specialized for the
clearance of bacterial infections. In the M2 state, also called the
alternatively activated or tissue repair state and induced in vitro
by IL-4 or IL-10, microglia showing lower levels of Ly6C expres-
sion are geared toward tissue repair through the production of
VEGF, chemokines, and extracellular matrix proteins. Whereas
the M1/M2 paradigm facilitates a broad view of the role of these
cells in a given situation, the situation seems far more complex
during chronic brain diseases, such as AD.

Microglia and blood-born monocytes in AD. AD is caused
mainly by the production of amyloid-� (A�) in the CNS. The
innate immune system plays a role in the development of the
pathology, as chronic exposure of microglia to A� leads to un-

controlled inflammation, and the release of toxic free radicals and
reactive oxygen species, as originally described in postmortem
studies (Uchihara et al., 1997; Cagnin et al., 2001). Furthermore,
large-scale genome-wide association studies of thousands of AD
subjects have shown that, among the six genetic polymorphisms
most tightly linked to the development of late onset AD, four play
a dominant role in immunological processes (Moraes et al.,
2012). In the serum, CSF, and the cortex of affected patients,
higher levels of IL-1�, IL-6, TNF�, IL-8, and TGF� have all been
reported (for in-depth reviews, see Rubio-Perez and Morillas-
Ruiz, 2012; see also Akiyama et al., 2000; Town et al., 2008).
Similarly, both TLR2 and TLR4 are overexpressed in peripheral
blood mononuclear cells from patients with AD (Zhang et al.,
2012). It also appears that the main monocytic chemoattractant,
CCR2, and its ligand, CCL2, are involved in the progression of
AD (Conductier et al., 2010; Naert and Rivest, 2011; Westin et al.,
2012). Furthermore, although no genetic association at the TLR4
locus was found in genome-wide association studies for AD (Mo-
raes et al., 2012), polymorphisms in the TLR4 gene were shown to
increase the incidence of late onset AD in populations from Italy
(Minoretti et al., 2006; Balistreri et al., 2008) and China (Wang et
al., 2011; Chen et al., 2012; Yu et al., 2012). The reported data on
humans suggest that, in essence, AD is first and foremost an
immunological disease.

It is still highly debated whether the activation of the innate
immune system is a cause or a consequence of the development of
AD. In vitro studies showed that fibrillar A� acts directly on mi-
croglia, activating TLR4 and TLR2 and the release of TNF�,
which lead to neuronal death, as demonstrated in microglial cell
lines and microglia-neuron coculture (Udan et al., 2008; Reed-
Geaghan et al., 2009; Stewart et al., 2010). On the other hand, in
vivo studies in mouse models present another picture. Knock-
outs or genetic inactivation of TLR4 (Tahara et al., 2006; Song et
al., 2011), TLR2 (Richard et al., 2008), Myd88 (Michaud et al.,
2012), or TNF� receptors (Montgomery et al., 2011) in mouse
models of AD all aggravate the symptoms of the disease, affecting
both cognitive function and amyloid deposition. These studies
have led to a better understanding of inflammatory processes in
AD. Multiple factors (genetic predisposition, ineffective clear-
ance, previous injuries) induce accumulation of A� in the CNS
into toxic oligomers and plaques. These are detected by microglia
as DAMPs, activating a TLR2/TLR4 response. Although micro-
glia can effectively clear A� in vitro (Reed-Geaghan et al., 2009),
these cells are not sufficient to resolve the injury in vivo, as A�
production surpasses the microglia’s capacity for clearance.

The innate immune system, however, does possess a capacity
for the clearance of A� and can play a beneficial role in AD. This
would explain the detrimental effects of completely knocking out
the innate immune response, whereas its selective inhibition can
prove to be an efficient therapeutic strategy. This was highlighted
by the failure of NSAIDs to control AD in large-scale clinical trials
(Imbimbo, 2009). Initial reports indicated that patients pre-
scribed extended courses of NSAIDs had lower incidence of AD
(McGeer et al., 1996). However, it appeared that the subjects on
NSAIDs actually had a lower incidence of AD because of their
overly active innate immune system, which helped prevent the
development of AD. Immune suppression by NSAIDs did not
contribute to AD mitigation.

As such, a tightly regulated stimulation of innate immune
processes rather than its complete inhibition is another way of
designing new treatment options for AD. This can be achieved
using novel TLR ligands that can stimulate the clearance of A�
without inducing overt inflammatory processes. Recently the
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beneficial effects of monophosphoryl lipid A was demonstrated
in mouse models of AD (Michaud et al., 2013). Monophosphoryl
lipid A, a detoxified TLR4 ligand, induced strong phagocytic ac-
tivity in microglia, similar to LPS, while inducing almost unde-
tectable production of inflammatory cytokines or ROS. In AD
mouse models, chronic treatment with monophosphoryl lipid A
reduced A� production by up to 80% in some cases and normal-
ized their cognitive behavior. This paves the way for the develop-
ment of safe immunomodulatory therapies in AD as a
monotherapy but also as a complementary treatment to other
A�-lowering strategies, such as vaccination.

Although most of the work in AD has focused on neurodegen-
eration and inflammatory processes, accumulating evidence
shows that a dysregulation of the vasculature is just as important
in the development of AD (Zlokovic, 2011). Most studies on the
implications of innate immunity in AD have focused on the role
of microglia. However, novel exciting research shows that the rest
of the neurovascular unit is a prime candidate for the creation of
new therapeutic strategies for AD. Pioneering work from the
team of Zlokovic has shown that LRP-1, a specific transporter at
the BBB, is critical for the clearance of A� from the CNS into the
circulation (Deane et al., 2004). In further studies, the authors
found that LRP-1 is upregulated upon LPS stimulation, therefore
presumably enhancing pericyte and endothelial cell capacity to
internalize A� (Deane et al., 2008). Moreover, adenosine triphos-
phate ATP-binding cassette (ABC) transporters ABCB1 and
ABCG2 were shown to be involved in the elimination of A� from
the CNS (Cirrito et al., 2005; Xiong et al., 2009; van Assema et al.,
2012). These results have suggested the hypothesis that clearing
A� in the circulation could shift its equilibrium, thereby pulling
the A� from the CNS into the circulation through these trans-
porters. This so-called “sink hypothesis” supports targeting the
periphery to have positive effects on the CNS. One such com-
pound that could help clear A� is macrophage-colony stimulat-
ing factor (M-CSF), the main growth factor for cells of the
monocytic lineage (Hume and MacDonald, 2012). Weekly injec-
tion of M-CSF to transgenic mice that spontaneously develop AD
before the appearance of learning and memory deficits prevented
cognitive loss. The treatment also restored the population of M1
monocytes in the circulation and greatly decreased A� levels. In
addition, M-CSF treatment resulted in the stabilization of the
cognitive decline in transgenic mice that already exhibited A�
pathology (Boissonneault et al., 2009). In vitro, exposure of
mouse microglia to M-CSF enables the acidification of their ly-
sosomes and, subsequently, the degradation of internalized A�
(Majumdar et al., 2007). In this regard, low levels of M-CSF were
recently measured in patients with presymptomatic AD or mild
cognitive impairment, which together with low levels of other
hematopoietic cytokines predicted the rapid evolution of the dis-
ease toward a diagnosis of dementia 2– 6 years later (Ray et al.,
2007). This is one of the ways the hematopoietic system can be
used to treat AD (Lampron et al., 2011).

Reverse paradigm. The CNS can also shape the immune re-
sponse In the previous sections, we emphasized on the capacity of
the immune system to shape the properties of the CNS, during
aging and in specific neurological disorders. However, it is now
becoming evident that the reverse is true: molecules produced by
the CNS, whether specific or not for the CNS environment, have
the capacity to modulate the properties and the function of the
immune system, of the BBB and of the neurovascular unit. We
now intend to focus the discussion around the influence of two
classical brain morphogens in the regulation of immune func-
tions within the CNS.

Brain morphogens shape immune responses within the CNS
The BBB is a functional CNS structure composed of specialized
endothelial cells (ECs), which are under the critical influence of
perivascular astrocytes. The BBB is known to regulate CNS func-
tion though a number of physiological processes, among which is
controlling the entry of blood-borne molecules and circulating
immune cells that are crucial in regulating immune activation
during homeostasis and disease.

The specialized ECs forming the BBB are held together by
multiprotein complexes known as junctional proteins (Lippoldt
et al., 2000; Wolburg and Lippoldt, 2002; Alvarez and Teale,
2007). Astrocytes, which are in close apposition to the cerebral
vasculature, help maintain BBB integrity and immune quiescence
through contact-dependent mechanisms and through the release
of soluble factors (Arthur et al., 1987; Wosik et al., 2007; Alvarez
et al., 2011). TGF-�, neurotrophins, FGFs, and retinoic acid have
been identified as factors released by astrocytes that contribute to
optimal BBB functioning (Fabry et al., 1995; Koyama et al., 2003;
Reuss et al., 2003; Wall, 2003; Koyama et al., 2005; Mizee et al.,
2013).

Recent proteomic experiments performed using primary cul-
tures of human BBB-ECs have identified the expression of a
number of receptors for molecules classically referred to as brain
morphogens, including receptors for Netrins and for the Hedge-
hog pathway. These observations served as the basis for the
hypothesis that brain morphogens have the capacity to regu-
late BBB function and therefore CNS homeostasis and im-
mune quiescence.

Role of the Hedgehog pathway in regulating BBB function. Re-
cent reports suggest that astrocytes express and secrete Sonic
hedgehog (Shh) and that BBB-ECs bear Hh receptors and down-
stream transcription factors. In vitro and in vivo experiments
showed that, whereas activation of the Hh pathway restricts BBB
permeability, genetic and pharmacological neutralization of Shh
or the Hh receptor, Smo, affects BBB formation and stability
during fetal development and in adulthood. Specific neutraliza-
tion of Smo in ECs led to a significant reduction in junctional
protein expression and to the leakage of blood products (fibrin-
ogen, immunoglobulins, and ApoB) into the CNS of these ani-
mals. Interestingly, Shh was also shown to promote immune
quiescence of BBB-ECs by decreasing the expression of cell adhe-
sion molecules, the production and secretion of proinflamma-
tory chemokines, and the migration of immune cells. These
critical immune-related events are dysregulated during neuroin-
flammation and lead to the formation of inflammatory lesions.
Such recent developments in the field of BBB biology demon-
strate that the Hh pathway provides a barrier-promoting effect
and an endogenous anti-inflammatory mechanism within the
CNS, and provide evidence for an unconventional role of brain
morphogens in shaping immune responses within the CNS.

The role of the Netrin pathway in regulating CNS immune re-
sponses. Similar to the hedgehog morphogen family, the laminin-
like molecule, netrins, mediate a wide range of functions
throughout development and are best known for their role as
attractive or repulsive guidance cues (Livesey, 1999; Kang et al.,
2004; Adler et al., 2006). Netrins are known for their capacity to
promote guidance for CNS commissural neurons and migration
of oligodendrocyte progenitors. Their expression can also be in-
duced by hedgehog morphogens. Recent data suggest that human
and mouse BBB-ECs in vitro and in vivo express netrin-1 and -4
and that netrin expression is regulated upon inflammatory acti-
vation. Netrins were also shown to promote BBB formation by
inducing the expression of junctional complex molecules and
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their proper targeting to junctional membrane microdomains.
Genetic neutralization of netrins induces numerous features of
BBB breakdown, including disrupted TJ protein expression.
During experimental autoimmune encephalomyelitis, a neuro-
inflammatory disease marked by BBB breakdown, netrin-1 ther-
apy reduced serum protein leakage into the spinal cord and
ameliorated disease severity.

Thus, accumulating evidence now suggests that classical brain
morphogens have a significant role in promoting and maintain-
ing BBB function and CNS immune quiescence both during de-
velopment and during adulthood.

In conclusion, what does the future hold in harnessing immu-
nity for prevention or treatment of acute, chronic, and develop-
mental neurodegenerative conditions? As was briefly described
above, over the last decade, research by four independent groups
highlights the new era of neuroimmunology. It is no longer a field
focused on pathologies in which the immune system is thought to
attack the brain. Likewise, it is no longer a field in which the
immune system should be indiscriminately excluded. It is a field
in which the two systems not only interact but also have a mutual
dependency. The brain, as has been known for decades, controls
all functions of the body, including lymphoid organs. It is now
clear that, reciprocally, the brain depends on immune cells for its
maintenance and plasticity. Under disease conditions, such as
neurodevelopmental or chronic age-related diseases, the resident
immune cells are present in insufficient numbers or are insuffi-
ciently activated to cope with the threat, and circulating mono-
cytes must be recruited. CNS barriers are no longer considered an
impenetrable wall; the blood–CSF barrier serves as a functional
interface and as a selective gate for immunosurveillance and im-
mune cell entry upon need, the meninges as a site for immune-
dependent brain plasticity, and the BBB as a true barrier that
ensures brain function without any disturbance. Translating this
know-how would lead to improving brain plasticity and to the
development of new approaches for the treatment of neurodevel-
opmental and neurodegenerative diseases, as well as mental dis-
orders or brain aging and dementia.
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