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in the brain is viewed as one of the pathological hallmarks of AD and underlies, at least in part, brain
cell dysfunction and behavior alterations, the etiology of this neurodegenerative disease is still poorly
understood. Noticeably, increased amyloid load is accompanied by marked inflammatory alterations,
both at the level of the brain parenchyma and at the barriers of the brain. However, it is debatable

ile;/t‘:,a(i)rrg;‘s disease whether the neuroinflammation observed in aging and in AD, together with alterations in the peripheral
Aging immune system, are responsible for increased amyloidogenesis, decreased clearance of Af3 out of the brain
Amyloid beta and/or the marked deficits in memory and cognition manifested by AD patients. Herein, we scrutinize
Cognition some important traits of the pathophysiology of aging and AD, focusing on the interplay between the
Blood-brain barrier amyloidogenic pathway, neuroinflammation and the peripheral immune system.
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1. Alzheimer’s disease

Alzheimer’s disease (AD) is the most prevalent form of dementia
worldwide (Andrieu et al., 2015; Ballard et al., 2011). It was esti-
mated that more than 47 million people suffered from dementia
in 2015, a number that is expected to triple by 2050 (Prince et al.,
2013; WHO, 2015). The cost AD represents for the individual, the
family and society, in a rapidly aging population (WHO, 2015), puts
great pressure in the need to better understand the disease and to
find an effective cure or remediation, which has not been achieved
to date (Andrieu et al.,, 2015; Ballard et al., 2011).

The main symptoms of AD patients are early memory loss
and marked cognitive impairment (Ballard et al., 2011; Roberson
and Mucke, 2006). Patients begin by presenting mild cognitive
impairment (MCI), which consists on a slight deficit in working
and long-term memory and a moderate deficit in short-term and
episodic memory. The appearance of MCI is viewed as a sign of AD
initiation, that usually precedes the marked and irreversible mood
alterations and loss of episodic memory function, observed later
on, as the disease progresses and reaches a severe form (Albert,
1996; Perry and Hodges, 1999). The new diagnostic criteria and
guidelines refer to three phases of disease progression over time,
namely preclinical AD, MCI due to AD and dementia due to AD, and
take into account, not only the important contribution of the clinical
signs, but also of the changes in a panel of blood and CSF biomark-
ers, and of neuroimaging tests, which may add to increase the early
diagnostic accuracy of the disease as they become validated (Albert
et al,, 2011; McKhann et al., 2011; Sperling et al., 2011). However,
despite the new clinical guidelines, up to now, the post-mortem
analysis of the brain is still required for the definitive diagnosis of
AD (Ballard etal.,2011; Castellani et al., 2008). The two main patho-
logical hallmarks of AD are the extracellular deposition of amyloid
beta (APB) peptides in the form of senile plaques, and the formation
of intracellular neurofibrillary tangles that result from the aggrega-
tion of hyperphosphorylated TAU (hpTAU) protein (Montine et al.,
2012; Querfurth and LaFerla, 2010). However, according to the new
guidelines, other neuropathological changes, such as the presence
of Lewy body and TAR DNA binding protein-43 inclusions, vascular
brain injury and hippocampal sclerosis, have been included in the
post-mortem analysis of the AD brain due to commonly coexisting
comorbidities (Montine et al., 2012).

In addition to the more common late-onset and sporadic form,
there is also the early-onset and familial form of AD, which is asso-
ciated with dominant inherited mutations on the genes encoding
for amyloid precursor protein (APP) and/or for presenilins 1 and 2
(PS1and2)(Goateetal., 1991; Levy-Lahad et al., 1995; Schellenberg
et al., 1992). However, familial AD, which is usually diagnosed in
midlife, explains only 5% of all the AD cases (Ballard et al., 2011).
Age is the principal risk factor for sporadic AD, but increased risk for
this form has also been attributed to diverse genetic abnormalities
(Ballard et al., 2011; Naj et al., 2011), among which, is the diploidy
for apolipoprotein E (APO-E) &4 alleles, which is one of the major
geneticrisk factors (Corderetal., 1993; Roberson and Mucke, 2006),
promoting both an early onset of A} aggregation and a defective
A clearance out of the brain (Keene et al., 2011; Zlokovic, 2013).

In the past decades, some light has been shed onto the
neuropathophysiological mechanisms of AD. However, the best
candidate molecules/drugs, shown to produce only modest effects
on the cognitive decline in AD, are memantine and cholinesterase

inhibitors (Andrieu et al.,, 2015; Ballard et al., 2011). In addition,
although reducing the amyloid burden in the brain, AB-directed
vaccination strategies were proven to have serious secondary
effects and to be ineffective in reverting the behavioral deficits in
AD patients (Andrieu et al., 2015; Holmes et al., 2008). On the other
hand, there is an urgent need to detect AD as early as possible, since
it is widely accepted that brain pathology, neuroinflammation,
neuronal and synaptic loss, precede the initial signs of cognitive
alterations in mild AD by at least 10-15 years (Ballard et al., 2011;
Bateman et al., 2012; Perrin et al., 2009). As an attempt to have
a readout of early neural dysfunction, imaging techniques have
been developed to better detect overall changes in brain size and
integrity of brain networks, neural metabolism and retention of A3
identifying tracer compounds on positron emission tomography
imaging (Damoiseaux et al., 2006; Engler et al., 2006; Fagan et al.,
2006; Klunk et al., 2004). Moreover, the measurement of A and
TAU (and hpTAU) in fluids, like the cerebrospinal fluid (CSF) and the
blood, are also currently used to help in the diagnosis of AD (Fagan
et al., 2009, 2014; Hansson et al., 2006; Villemagne et al., 2010).
But, until now, there is no specific cut-off universally recognized
for the definitive prognosis of AD. It is, therefore, urgent to vali-
date the existing biomarkers to diagnose AD in its early preclinical
stages (before significant brain damage occurs) and to develop new
disease-modifying strategies for its treatment (Ballard et al., 2011;
Sperling et al., 2011). For that, it is imperative to further under-
stand the cellular and molecular events that underlie the aging of
the organism, as a whole, and of the brain in particular, and prompt
for the pathological alterations in AD.

Herein, we will describe some of the mechanisms that are impli-
cated in the pathophysiology of AD, with a special focus on the
amyloidogenic pathway and the neurotoxic effects of increased A3
formation and accumulation in the brain. Despite the reported asso-
ciation between increased levels of hpTAU and overt TAU pathology
in the brain and the changes in the neuroinflammatory response
(Faden and Loane, 2015; Metcalfe and Figueiredo-Pereira, 2010;
Wes et al., 2014), in this review we will give special attention to
the advances that have been made towards describing the mech-
anisms linking the pathological cerebral amyloidosis observed in
AD and the alterations in the neuroinflammatory response (at the
brain parenchyma and at the brain barriers) and on the peripheral
immune system.

2. The pathophysiology of AD

Like many other neurodegenerative disorders, the most promi-
nent histopathological feature of AD is the formation and
accumulation of abnormally folded proteins. In the case of AD, there
is an increased formation of intracellular neurofibrillary tangles
and extracellular amyloid plaques in the brain (Haass and Selkoe,
2007; Querfurth and LaFerla, 2010). One of the most accepted
theories for senile plaque formation is the amyloid cascade hypoth-
esis (Benilova et al., 2012; Hardy and Selkoe, 2002; Roberson and
Mucke, 2006), which was initially fostered by the presence of con-
gophilic AB-enriched plaques in the brains of AD patients (Hardy
and Higgins, 1992). Later on, the discovery of mutations in the
genes encoding for APP, PS1 and/or PS2, in familial cases of AD,
strongly corroborated the post-mortem brain pathological findings
(Goate et al.,, 1991; Levy-Lahad et al., 1995; Schellenberg et al.,
1992). Importantly, it was shown that transgenic mice overex-
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pressing at least one of the human mutated genes also presented
the characteristic brain amyloid pathology of AD patients (Hsiao
et al.,, 1996; Webster et al., 2014). Based on these observations,
along the years, data from different groups helped to dissect both
the role of APP in the brain and the cascade of molecular events
that drive and favor the amyloidogenic proteolytic cleavage of APP.
The non-amyloidogenic or the amyloidogenic cleavage of APP is
triggered by the initial action of a- or (-secretase, respectively
(Haass and Selkoe, 2007; Querfurth and LaFerla, 2010). In the amy-
loidogenic process, the y-secretase complex, which is constituted
by PS1, PS2 and other proteins (Edbauer et al., 2003), comes into
play by acting on the sub-products of $-secretase (Gu et al., 2001;
Haass and Selkoe, 2007; Wolfe et al., 1999). The y-secretase com-
plex can act on three different cleavage sites, originating APB-3s,
APB1_40 and AB1_42 (Gu et al., 2001), which is critical for the subse-
quent degree of aggregation of AP peptides, with Af1_4, displaying
the higher propensity for aggregation (Suzuki et al., 1994). Notice-
ably, increasing evidence point to the amyloidogenic processing
of APP and the oligomerization of A@ peptides in the brain as early
pathogenic events, that may precede and aggravate TAU-associated
brain pathology (Cras et al., 1991; Gotz et al., 2001; Lewis et al.,
2001). Moreover, it is believed that the mechanisms involved in
the clearance of A} from the brain, namely through the interstitial
fluid (ISF) and the CSF, are impaired not only in cases of familial AD,
but also of sporadic AD (where there are no apparent differences in
the rate of AP formation in the brain), favoring the accumulation
of these toxic peptides in the brain (Hong et al., 2011; Iliff et al.,
2012; Mawuenyega et al., 2010). Although being one of the main
triggering events for neurodegeneration in AD, amyloidogenesis is
accompanied by changes in other processes, namely in the brain
inflammatory profile (Lucin and Wyss-Coray, 2009; Schwartz et al.,
2013; Wyss-Coray, 2006). Inflammation is reported to occur early
in the disease and to modulate both brain pathology and behavior,
however much remains to be known about the effects of specific
cellular and molecular components of the inflammatory profile in
AD. In the next section, insights on the role of different modula-
tors of neuroinflammation in aging and in AD will be provided, and
how these are considered to be relevant not only for the initia-
tion and progression of amyloid pathology, but most of all for the
appearance of cognitive deficits.

3. Neuroinflammation in aging and in AD

Inflammation is defined as a complex sequence of events
induced by the irritation, injury and/or infection of a given tissue,
that may eventually develop into a cleansing response by the com-
ponents of the innate immune system and even trigger an adaptive
immune response specific for the damaging agent (Owen et al.,
2013). Neuroinflammation is usually present whenever an insult
is imposed to the nervous tissue and is a common feature of dif-
ferent neurodegenerative disorders. In the last two decades, the
role of neuroinflammation in aging and in AD has been largely
scrutinized. Much has been discovered regarding the cellular and
molecular players at the level of the brain parenchyma, but also at
the level of the barriers of the brain and at the periphery, namely
in circulation and in organs with a strong immune-related func-
tion (Baruch and Schwartz, 2013; Gabuzda and Yankner, 2013;
Ransohoff, 2009, 2011; Schwartz and Baruch, 2014a; Wyss-Coray,
2006). Recent data points to changes in the degree of steady-state
inflammation throughout aging, both in the CNS and in the periph-
ery, and on its impact to CNS homeostasis and to age-associated
behavioral alterations (Villeda et al., 2011; Zhang et al., 2013). As
for the precise involvement of neuroinflammation in AD and in
other aging-related neurodegenerative disorders, it is still not clear

whether inflammation is a simple bystander, a consequence or a
cause of neurodegeneration (Wyss-Coray, 2006).

3.1. The inflammatory response at the barriers of the brain in
aging and in AD

Under physiological conditions, the peripheral milieu is physi-
cally separated from the brain parenchyma by well-defined cellular
structures that compose the barriers of the brain. In addition to their
function as physical barriers, these complex structures also play a
central role in the maintenance of CNS homeostasis and in the com-
munication with other systems outside of the CNS (Marques et al.,
2013; Stolp et al., 2013). Recent findings propose that alterations in
the inflammatory profile in aging and in AD underline the progres-
sive loss of essential properties at the barriers of the brain and may
precipitate brain dysfunction and pathology (Baruch and Schwartz,
2013; Stolp et al., 2013; Zlokovic, 2008). Next, we will discuss some
important aspects of the inflammatory response at the blood-brain
barrier (BBB) and at the blood-CSF barrier (BCSFB) in aging and in
AD.

3.1.1. The inflammatory response at the BBB

Most studies on the communication between the periphery and
the CNS, in particular those addressing neurodegenerative disor-
ders, focus on the BBB (Zlokovic, 2008). The BBB is formed by a
monolayer of endothelial cells bound together by tight junctions
(Brightman and Reese, 1969). The endothelial cells of the BBB are
wrapped by the acellular basement membrane and surrounded by
pericytes and astrocytic endfeets (Zlokovic, 2008). These, together
with the branches of circulating surveying microglia and nearby
neuronal dendritic and axonal processes, form the neurovascu-
lar unit (Zlokovic, 2008), which allows the rapid and plastic
responses of the brain to alterations in the blood composition
and in cerebral blood flow (Begley and Brightman, 2003). Conse-
quently, changes in the neural-vascular communication, which are
often associated with neuropathological conditions, may lead to
rapid and irreversible neuronal damage (Girouard and ladecola,
2006; Zlokovic, 2008). The mechanisms that regulate the crosstalk
between the different types of cells that compose the neurovas-
cular unit, at the BBB, have been well studied in aging and in
AD. In fact, there is an increased accumulation and deposition of
AR in the neurovascular unit, which often culminates in cerebral
amyloid angiopathy, highly prevalent in the brains of AD patients
(Greenberg et al., 2004; Zlokovic, 2008). It is thought that cere-
bral amyloid angiopathy results from a combined effect of both
an increased influx of AP into the brain parenchyma, mediated
mainly by increased expression of receptor for advanced glycation
end products (RAGE) by the endothelial cells of the BBB (Deane
et al., 2003), and a decreased efflux of AR into the blood, which is
largely influenced by the decreased levels of low density lipopro-
tein receptor-related protein-1 (LRP1) and p-glycoprotein (Pgp)
(Erickson et al., 2012a; Hartz et al., 2016; Shibata et al., 2000).
Decreased expression of LRP1, by endothelial cells and by peri-
cytes, strongly influences the APO-E-dependent and -independent
removal of soluble A3 from the brain parenchyma (Bell et al., 2012;
Deane et al., 2008, 2004; Liu et al., 2007). Additionally, the ablation
of pericytes, which are actively involved in the maintenance of the
cytoarchitecture, integrity and overall function of the BBB (Armulik
etal.,2010), was shown to greatly impact on the progression of vas-
cular damage and A3 pathology in transgenic mouse models of AD
(Sagare et al., 2013).

Concerning the inflammatory response, different mediators
were shown to modulate the cells of the BBB in AD. A specific feature
of the BBB endothelial cells that is perturbed by increased levels
of inflammation is the exchange of A} between the brain and the
blood (Banks, 2015). In a mouse model of intracerebroventricular



550 S. Dd Mesquita et al. / Neuroscience and Biobehavioral Reviews 68 (2016) 547-562

Physiological conditions : Response to inflammatory stimuli
Brain ventricle (C SF) ‘Growtnfactors | | [+ ;/( Acute-phase proteins
g Enzymes I 0\ - Proinflammatory cytokines
Brain metabolites %ﬁ;‘f'"‘:s I } Chemokines
?(enoblptlcs . Wa'::r £ ‘ Migration of immune cells el
\__Toxsc oLl (AB),,‘ e : Leakage of blood proteins

Apical

Tight Junction |

Changes in secretome
Metabolic alterations

[Tightjunction damage ] /

Fenestrated

oo et
Blood % Plood capillaries
\‘

Stromal compartment k
1

Basolateral | Increasedimmune cell
recruitment

__ )
)-.

Monocyte/macrophage

‘Acute-phase proteins
Cytokines

Thicker vesselwalls

Fig. 1. Inflammatory stimuli induce changes in the functions of the blood-cerebrospinal fluid barrier (BCSFB). The BCSFB is formed by the choroid plexus (CP) epithelial cells
that are bound together by tight junctions in the lateral membrane. In physiological conditions, this barrier is impermeable to blood circulating molecules and prevents the
free paracellular passage of cells into the cerebrospinal fluid (CSF). Receptors and transporters, present either in the apical and basal membranes, are responsible for the
exchange of molecules between the CSF and the stromal compartment (irrigated by fenestrated blood capillaries). In response to different types of inflammatory stimuli,
such as infections or brain injuries, there are changes in the CP epithelial cells’ metabolic function and secretome, in the exchange of small molecules and nutrients between
the CSF and blood and in the excretion of noxious brain metabolites into the bloodstream. Of note, extreme levels of inflammation, in the periphery and/or in the central
nervous system, seriously affect the integrity of the BCSFB, mostly due to tight junction damage. Ultimately, such extreme conditions may influence the entry of blood-borne
proteins and leukocyte migration/extravasation (such as macrophages and T cells) into the CSF, which can seriously affect brain homeostasis and function.

injection of AP the increased level of systemic inflammation was
shown to promote brain A3 overload through decreased expression
of both LRP1 and Pgp at the level of the BBB. Curiously, this effect
was counterbalanced by the systemic administration of the antiox-
idant N-acetylcysteine, which decreased the levels of interferon
(IFN)-vy, interleukin (IL)-10, chemokine (C—C motif) ligand 2 (CCL2),
CCL4, and CCL5 in the blood and restored the values of AP efflux
into the circulation (Erickson et al., 2012a,b). Of note, the endothe-
lial cells of the BBB are also actively involved in the blood-to-brain
and brain-to-blood transport of cytokines and chemokines, such
as tumor necrosis factor (TNF) and CCL11 (Erickson et al., 2014;
Pan and Kastin, 2002). However, little is known about possible
changes in these particular transport mechanisms, which might
play a crucial role in the early neuropathological events in AD
(Banks, 2015). On the other hand, increased expression of RAGE
was shown to induce neurovascular inflammation by promoting an
increased production of TNF, IL-6 and heme oxygenase-1 by neu-
ral cells in the vicinity of the BBB (Deane et al., 2003). Moreover,
upon binding to AP, RAGE has been shown to promote in vitro
T cell transendothelial migration (a critical neuroimmune mech-
anism in AD that will be addressed in more detail in section 4),
by a mechanism that involves the induction of nuclear factor-
kB (NF-kB)-dependent inflammatory gene expression (Bierhaus
et al., 1997; Yan et al., 1996), particularly overexpression of the
gene encoding for chemokine (C—C motif) receptor 5 (CCR5) (Li
et al., 2009). The altered function of pericytes in models of AD
(Sengillo et al., 2013; Tigges et al., 2013), together with their ability
to respond to pro-inflammatory cytokines, like IFN-v, TNF and IL-

183, and to produce chemokines, namely chemokine (C-X-C motif)
ligand 10 (CXCL10) and CCL2 (Jansson et al., 2014; Tigges et al.,
2013), denote the importance of these cells in the neuroinflamma-
tory response in AD. A particular study shows that the expression of
human APO-E&4 in the mouse brain resulted in an age-dependent
progressive BBB breakdown, by activating the pro-inflammatory
cyclophilin A and the downstream NF-kB-dependent matrix met-
alloproteinase 9 pathway in capillary pericytes (Bell et al., 2012).
Curiously, this pro-inflammatory pathway, which preceded neu-
ronal dysfunction, was suppressed upon the expression of human
APO-Ee2 or -Ee3 that, in contrast with APO-Ee4, also display a
higher affinity for LRP1 and, therefore, are more efficient in pro-
moting AP excretion through the BBB (Bell et al.,, 2012; Deane
et al., 2008; Keene et al., 2011). Moreover, the increased BBB per-
meability that was observed in the brains of AD transgenic mice
devoid of pericytes (Sagare et al., 2013), points to the importance
of these cells in maintaining a well-adjusted exchange of inflam-
matory molecules and/or cells between the blood and the brain in
AD (Hurtado-Alvarado et al., 2014; Keene et al., 2011), a feature
that should be further investigated. Another molecule that is able
to modulate the inflammatory profile in AD is transforming growth
factor-3 (TGF-3), which was shown to be overproduced by astro-
cytes, resulting in the decreased parenchymal AP accumulation
and plaque formation but increased cerebrovascular amyloidosis
(Wyss-Coray et al., 2001). This effect of TGF-3 seems to be medi-
ated by a decreased cross-talk between endothelial cells and T cells,
resulting in decreased T cell activation and reduced AP phago-
cytosis by macrophages and microglia in the vicinity of the BBB
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(Weiss et al., 2011). In fact, brain perivascular myeloid cells play
a key role in the management of brain pathology in AD (Meyer-
Luehmann and Prinz, 2015). Moreover, changes at the level of BBB
may critically impact on monocyte recruitment and A3 removal
from the luminal walls of AB-positive veins, which was shown to
directly impact on the progression of pathology in an AD transgenic
mouse model (Michaud et al., 2013a). Still, we are far from under-
standing all the details regarding the effects of increased levels of
specific inflammatory mediators on the different cells that com-
pose the neurovascular unit and on the relevance of this effect for
AD initiation and progression.

3.1.2. The inflammatory response at the BCSFB

Recent studies have highlighted the alterations observed at
the level of the choroid plexus (CP), which forms the BCSFB, and
their impact on brain function in aging and in AD (Baruch et al,,
2014, 2013, 2015; Mesquita et al., 2014, 2015). The CP is formed
by a monolayer of epithelial cells bound together by tight junc-
tions, which are formed by claudins and occludins present in the
lateral side of the apical membrane (Ek et al., 2003; Wolburg
et al., 2001). The apical membrane of CP epithelial cells con-
tains numerous microvilli, while the basal membrane faces the
inner stroma compartment, which is highly irrigated by sinusoidal
and fenestrated capillaries (Johansson et al., 2008; Wolburg and
Paulus, 2010) (Fig. 1). In adulthood, and in healthy conditions,
the CP forms a selective barrier that restricts the paracellular pas-
sage of molecules and cells, like blood circulating immune cells,
from the stromal compartment into the CSF and into the brain
parenchyma (Baruch and Schwartz, 2013; Engelhardt et al., 2001;
Hasegawa-Ishii et al., 2013). In fact, under physiological condi-
tions, the monocytes/macrophages and T cells that inhabit the
CP play an essential role in the immune surveillance of the brain
and contribute to CNS homeostasis and repair, by secreting and
maintaining the levels of important trophic factors and cytokines
(Baruch and Schwartz, 2013; Schwartz and Baruch, 2014b) (Fig. 1).
Concerning the recruitment and entry of immune cells through the
CP, the current view states that it is mediated by the expression
of intercellular adhesion molecule 1 (ICAM-1), vascular cell adhe-
sion molecule 1 and P-selectin, which are essential for the process
of leukocyte adhesion and extravasation (Engelhardt et al., 2001;
Kunis et al., 2013; Shechter et al., 2013).

Interestingly, recent studies point for a central role of the CP in
the neuroinflammatory response both in aging and in AD (Baruch
etal.,2014; Baruchetal.,2015; Mesquita etal.,2015). Particularly in
AD, the BCSFB suffers alterations not only due to increased levels of
toxic AP (Chalbotetal.,,2011; Vargasetal.,2010), but also promoted
by different blood-born inflammatory molecules and immune cells
(Baruch et al., 2015; Schwartz and Baruch, 2014b). Altogether, this
altered inflammatory profile at the BCSFB impacts on the CSF-ISF
nexus and, consequently, on brain homeostasis and on neurode-
generation (Baruch and Schwartz, 2013; Chalbot et al., 2011; Iliff
et al., 2012). Moreover, aging-associated alterations in the secre-
tion of inflammatory molecules by the cells that compose the CP
tissue, either by the epithelial or the stromal cells, is viewed as a
critical turning point for deficits in brain cell function and plasticity,
and were shown to affect processes like glial activation, neurogen-
esis and cell survival (Baruch et al., 2014, 2013; Kunis et al., 2013;
Villeda et al., 2011). Regarding the inflammatory response in the
context of AD-associated pathology, we recently found that the CP
epithelial cells overexpress the gene encoding for lipocalin 2 (LCN2)
upon stimulation with A peptides (Mesquita et al., 2014). Of inter-
est, LCN2 is involved in the innate immune response (Devireddy
et al., 2005; Flo et al., 2004) and its up-regulation is indicative of a
rapid pro-inflammatory profile build-up at the CP (Marques et al.,
2008, 2009). Additionally, despite its ability to deliver or remove
iron from cells (Devireddy et al.,, 2005; Lee et al., 2009), LCN2

has been suggested to act in the response against oxidative stress
(Roudkenaretal.,2011), in the regulation of the neuroinflammatory
response and in the modulation of brain cell activation, migration
and survival (Bietal.,2013; Jangetal.,2013b; Leeetal.,2011,2009),
which are all particularly relevant functions in the context of AD. Of
note, it was shown that AD patients present altered levels of LCN2 in
the CSF(Naude et al.,2012), and that LCN2 is involved in the in vitro
pro-inflammatory response to increased level of AP peptides, dis-
playing a detrimental effect on brain cell survival (Mesquita et al.,
2014). Considering this new evidence, it will be important to fur-
ther elucidate the role of LCN2 in the context of an in vivo model of
AD.

Along with the changes in the composition of the CSF, it was
recently proposed that aging leads to peripheral systemic alter-
ations in molecules that reach the brain parenchyma and affect
neurogenesis at the hippocampus and the formation of new mem-
ories in 22 months-old mice (Villeda et al., 2011, 2014). Particular
interest has been given to increased levels of CCL11 as being, to a
great extent, responsible for this effect (Villeda et al., 2011). It is
now clear that peripheral CCL11 can cross into the brain through
direct interaction with the BBB, reaching, not only the neurogenic
niches, but other brain regions as well (Erickson et al., 2014). This
suggests that blood-derived CCL11 may impact on different brain
key processes and implicates the BBB as an important regulator of
its effects (Erickson et al., 2014; Villeda et al., 2011). In addition to
the effects of peripheral CCL11 on neurogenesis and cognitive func-
tion, it was recently shown that the ability of activated astrocytes to
produce this chemokine is associated with increased migration of
microglia, production of reactive oxygen species by these glial cells
and glutamate-mediated neurotoxicity, which may suggest a role
inneurodegenerative disorders (Parajulietal.,2015). Still regarding
the role of CCL11, there is evidence showing that increased levels of
CCL11 in the brain may also be attributed to changes at the BCSFB
(Baruch et al., 2013; Villeda et al., 2011). Of note, it was shown that
aged mice, when compared to young adult mice, present an over-
expression of the gene that encodes for CCL11 in the CP (Baruch
et al,, 2013) and, accordingly, increased CCL11 protein levels in
the CSF (Villeda et al., 2011). Furthermore, the CP epithelial cells
are able to produce CCL11 in response to IL-4, but not in response
to IFN-v. In fact, increased IFN-y was shown to be able to block
the IL-4-dependent CCL11 production by CP epithelial cells (Baruch
etal., 2013). Invivo, the aging-induced increase of IL-4 and decrease
of IFN-vy at the CP were suggested to be a consequence of alter-
ations in the type of CNS-specific T cells recruited to the CP stroma
(Baruch et al., 2013). It was also proposed that an altered inflam-
matory response in the CP could impact on the function of brain
cells by decreasing the level of brain-derived neurotrophic factor
(BDNF) produced by CP epithelial cells (Baruch et al., 2013). Con-
currently with these observations, it was shown that in the aged
BCSFB, there is down-regulated expression of the gene encoding
for IFN-y and a boosted expression of type I IFN response genes
(Baruch et al., 2014). Both the aged murine and human CP pre-
sented increased levels of IFN regulatory factor 7 and IFN-f3, two
classical type I IFN molecules (Baruch et al., 2014). Importantly, it
was suggested that the induction of type I IFN response at the CP
of old mice, together with increased levels of CCL11, was medi-
ated by increased levels of unknown brain-derived factors in the
CSF, and not by circulating factors present in the blood. It was also
proposed that this CNS-driven boost of the type I IFN response at
the CP, together with a down-regulated type II IFN response, could
contribute to the increased glial activation in brain regions that
modulate memory and cognitive behaviors in old mice (Baruch
etal., 2014; Villeda et al., 2011, 2014). In fact, the exacerbated glio-
sis and neuroinflammation, decreased hippocampal neurogenesis
and spatial memory deficits observed in aged mice were reverted
via the intracerebroventricular administration of neutralizing anti-
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Phenotypic polarization of astrocytes and microglia

Astrocytes Microglia

= 4

IFN-y N

S

TNF

IL-4
IL-13

Resting state

Immune surveillance

Classical activation

High phagocytic capacity
High antigen presentation
Increased activation of NF-kB
Secretion of IL-1B, IL-6 and TNF
High intracellular NOS2 activity
Increased production of ROS and NO
Increased motility by CCL2 and CXCL10

Neuronal support
Synaptic monitoring and remodeling
Phagocytosis and clearance of debris

IL-10
TGF-B

Alternative activation

High phagocytic capacity
High antigen presentation
Increased STAT6 and PPAR-y
Increased secretion of IL-4
Decreased production of ROS and NO
Increased level of ARG1, YM1/2 and FIZZ1
Higher extracellular matrix degradation

Acquired deactivation

Low capacity of immune surveillance
Decreased proinflammatory signaling
Decreased phagocytosis
Impaired antigen presentation
Decreased motility/migration

Fig. 2. Microglia and astrocytes are heterogeneous glial cells that can be found in different states of activation. Under physiological conditions, these glial cells are pre-
dominantly found in a resting state, carrying out their essential functions, namely in phagocytosis and clearance of debris, neuronal support and synaptic monitoring and
remodeling. However, both microglia and astrocytes can undergo a phenotypic polarization that is largely dependent on the levels of specific cytokines. Increased levels of
interferon (IFN)-v, interleukin (IL)-1(3, IL-6 and/or tumor necrosis factor (TNF) drive the differentiation of glial cells into a classical activation phenotype. On the other hand,
increased IL-4 and/or IL-13, favor the alternative activation pathway. High levels of IL-10 and/or transforming growth factor-@ (TGF-3) may lead to a predominant state of
glial acquired deactivation. Each state of activation is associated with the production of specific factors and with the gain or loss of particular functions in glial cells. Yet,
this polarization is in constant change and, at a given time and region, it is possible to find microglia and astrocytes in different states of activation and performing different

functions.

bodies to the receptor for type I IFNs (Baruch et al., 2014). Along
with the previous study, we have recently discovered that type |
IFN response genes, such as the genes encoding for toll-like recep-
tor 9 (TLR9) and for IFN-« receptor 1, are overexpressed in the CP
and in the dorsal hippocampus of an AD transgenic mouse model
at 3 months, when compared to wild-type age-matched controls
(Mesquita et al., 2015). Moreover, this early overexpression of the
type I IFN response genes was followed by a marked decrease in
the expression of the gene encoding for IFN-vy, the major type Il IFN
response cytokine, at later ages (Mesquita et al., 2015). Whether
these alterations in type I and II IFN responses at the CP and brain
parenchyma are somehow modulating the behavioral impairments
observed in AD justify further investigation.

3.2. Brain parenchymal cells as mediators of neuroinflammation

The idea of an immuno-privileged brain started to evolve
upon the discovery of activated antigen-presenting immune cells,
expressing the major histocompatibility complex type II glycopro-
tein, within the CNS of patients with different neurodegenerative
disorders, namely AD (McGeer et al., 1988; Medawar, 1948; Rogers
et al., 1988). Much has been discovered since then and the notion
of an immuno-privileged brain has been progressively changing in
accordance with the advances in the field. Nowadays, it is widely

accepted that even the cells that constitute the brain parenchyma
are actively involved in the neuroinflammatory processes and are
able to directly or indirectly influence the immunological response
in aging and in AD (Griffin, 2013; Wyss-Coray, 2006). As a mat-
ter of fact, the recent discovery of meningeal lymphatic vessels
opened a new window for neuroimmune interactions within the
CNS (Louveau et al., 2015a,b). In the next sections, we will provide
an overview on the contribution of microglia, astrocytes, neurons
and oligodendrocytes to the neuroinflammatory response.

3.2.1. Microglia

Microglial cells are considered the macrophages of the brain,
due to their myeloid origin, ability to migrate within different
brain regions and to phagocytose, process and present antigens
(Neumann et al., 2009; Nimmerjahn et al., 2005; Ransohoff and
Perry, 2009). It has been shown that, during fetal development,
myeloid progenitor cells, arising from the yolk sac at early embry-
onic stages, invade the brain to give rise to microglia (Katsumoto
etal., 2014; Rezaie and Male, 2002). It is believed that under physi-
ological conditions, the microglial population in the brain remains
immutable; however, recent studies pointed to the existence of
monocyte-derived microglial progenitors that are able to prolif-
erate and repopulate the adult brain in case of severe microglial
depletion (Elmore et al., 2014; Varvel et al.,, 2012). Both in early
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Fig. 3. Modulators of brain parenchymal inflammation in AD. Besides the progressive formation, accumulation and aggregation of Af peptides, one of the major features of
neurodegeneration in AD is increased neuroinflammation. The neuroinflammatory response in the brain parenchyma is conducted by the different cellular players namely
neurons (red), astrocytes (purple), microglia (cream) and oligodendrocytes (dark green). Importantly, the inflammatory molecules presented in this scheme, which are
described to be produced specifically by one or various brain cell types, are closely involved in the paracrine and autocrine modulation of cell activation, morphology,
function and survival, disturbing brain homeostasis and promoting neurodegeneration in AD. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.).

post-natal phases and in the adult brain, microglia secrete sol-
uble factors, like insulin-like growth factor 1 (IGF-1) and BDNF,
which regulate neurogenesis, neuronal migration and survival
(Parkhurst et al.,, 2013; Ueno et al., 2013; Walton et al., 2006).
Under physiological conditions, resting microglia play a crucial
role in the immune surveillance of the brain, interacting with the
other brain cells and actively monitoring and remodeling impaired
synapses (Nimmerjahn et al., 2005; Wake et al., 2009). Importantly,
under adverse conditions, like brain tissue trauma, upon phago-
cytosis of noxious agents, or in response to exogenous stimuli
(such as signaling by pro-inflammatory cytokines or recognition
of pathogen-associated molecular patterns), microglia become
activated (Cameron and Landreth, 2010; Lampron et al., 2013).
However, both in the steady or the activated states, microglia are
able to secrete inflammatory mediators, anti- or pro-inflammatory,
that act as paracrine mediators of neural cell plasticity and survival
but that may also promote the autocrine polarization into differ-
ent states of activation (Cameron and Landreth, 2010; Katsumoto
et al., 2014) (Fig. 2). The classical activation cytokines, including
IFN-vy, IL-183, IL-6 and TNF, induce the polarization of microglia
into a pro-inflammatory surveying phenotype, as opposed to the
alternative activation pathway, which is favored by increased lev-
els of IL-4 and IL-13. On the other hand, the anti-inflammatory
cytokines IL-10 and TGF-f3 promote the acquired deactivation of
microglia (Cameron and Landreth, 2010; Katsumoto et al., 2014)
(Fig. 2). Importantly, the phenotypes acquired by microglia are
mutable and may vary according to the type of stimuli, the evolu-

tion of the inflammatory response and also with aging (Katsumoto
et al.,, 2014; Lucin and Wyss-Coray, 2009; Ransohoff and Perry,
2009). Of note, it has been shown that, in the tissue-rebuilding
phase that follows a pro-inflammatory response, microglia undergo
a transition from a predominantly classical activated phenotype
into a mixed combination of activation phenotypes; this has been
associated with an alteration in microglial function and increased
brain pathology in AD transgenic mouse models (Baron et al.,
2014; Cameron and Landreth, 2010; Weekman et al., 2014; Wyss-
Coray, 2006). Importantly, whether isolated from the brains of
different mouse models of AD or from the brain of wild-type
mice and stimulated with Af3 peptides, microglial cells are able to
secrete cytokines (e.g., IL-1(, IL-6, IL-12, IL-23 and TNF) (Bhaskar
et al., 2014; Combs et al., 2001; Lue et al., 2001; Vom Berg et al.,
2012), chemokines [e.g., CCL2 and IL-8] (El Khoury et al., 2007;
El Khoury et al., 2003; Walker et al., 2001), growth factors [e.g.,
macrophage-colony stimulating factor (M-CSF)] (Lue et al., 2001)
and complement molecules (e.g., C1q, C3, and C4) (Walker et al.,
1995) (Fig. 3). Besides these secreted factors, microglia also express
numerous surface receptors that are involved in the modulation of
their activation, migration and phagocytosis capacity in response to
increased A3, namely: receptors for Fc, cytokines and chemokines
(e.g., CCR2), scavenger receptors [e.g., cluster of differentiation 36
(CD36) and RAGE], complement receptors (e.g.,, CR3/CD11B), TLRs
and the co-receptor CD14 (Bard et al., 2000; Chakrabarty et al.,
2010a,b, 2011; Chen et al., 2007; El Khoury et al., 2007; El Khoury
etal., 2003; Ransohoff, 2009; Reed-Geaghan et al., 2009; Scholtzova
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et al., 2009) (Fig. 3). Noticeably, the ablation of the type 1 receptor
for the chemokine C-X3-C motif ligand 1 (CX3CL1), CX3CR1, seems
to seriously impact on the pathophysiology of AD (Fig. 3), leading
to an increased phagocytosis of A by microglia and to a decreased
microglial-induced neuronal death in vivo (Fuhrmann et al., 2010;
Liu et al,, 2010). Moreover, it was recently shown that the abla-
tion of prostaglandin E2 signaling, specifically in microglia from
the brain of an AD transgenic mouse model, restored microglial
chemotaxis and AP clearance and suppressed the toxicity of the
exacerbated pro-inflammatory response and microglial activation
(Johansson et al., 2015). Microglial cells may also present different
activation phenotypes according to the type of APO-E isoform that
is expressed. Microglia isolated from the brain of mice expressing
APO-Ee4 present an enhanced pro-inflammatory activation phe-
notype and are more neurotoxic, secreting higher levels of TNF
and IL-6, when compared to microglia expressing APO-Ee2 or -
Ee3 (Maezawa et al., 2006; Vitek et al., 2009). Furthermore, it was
demonstrated that IL-10, a relevant anti-inflammatory cytokine,
and IL-4, when overexpressed in the brains of an AD transgenic
mouse model, impair the activation of microglial cells, boost the
formation of amyloid plaques and critically impact on synaptic
function, learning and memory (Chakrabarty et al., 2015, 2012).
In accordance, an opposite effect was observed in the brain of
an AD transgenic mouse model unable to produce IL-10 (Guillot-
Sestier et al., 2015). Nevertheless, additional studies are needed
to fully understand the effects of anti-inflammatory cytokines on
microglial function in AD. Altogether, the available information
indicates that the microglial response is complex, particularly the
regulation of microglial activation and its impact on the removal of
dead cells and of molecular aggregates, which are vital processes
for a healthy CNS (Cameron and Landreth, 2010; Katsumoto et al.,
2014). Whether microglia activation, when uncontrolled, drives
neurodegeneration and leads to cognitive decline in AD, is still a
subject of debate.

3.2.2. Astrocytes

Astrocytes are the most abundant cells in the CNS, and actively
modulate the structure and function of the brain during develop-
ment and in adulthood, both in health and in disease (Sofroniew
and Vinters, 2010; Ullian et al., 2001). Noticeably, in the human
brain grey matter, the processes of a single astrocyte are able to
reach more than 10° synapses (Halassa et al., 2007). Astrocytes are
well known for their role in the trophic and metabolic support to
neurons, neuronal signal transmission and synaptic formation and
plasticity (Halassa and Haydon, 2010; Henneberger et al., 2010;
Oberheim et al., 2008; Perea et al., 2009). In addition, these glial
cells are also active players in the inflammatory response, par-
ticularly in the context of aging and AD (Avila-Munoz and Arias,
2014; Medeiros and LaFerla, 2013). Astrocytes are a highly het-
erogeneous cellular population from which at least two distinct
types are particularly relevant when addressing AD: (i) those that
compose the neurovascular unit, at the BBB, and (ii) those that
inhabit the brain parenchyma and are often found in the vicinity
of AD senile plaques (Avila-Munoz and Arias, 2014; Medeiros and
LaFerla, 2013; Sofroniew and Vinters, 2010). At the BBB, astrocytes
are closely involved in the organization of the neurovascular unit
and secrete vasoactive molecules, like prostaglandins and nitric
oxide (NO), that affect the cerebral blood flow (Gordon et al., 2007,
ladecola and Nedergaard, 2007; Schummers et al., 2008; Voskuhl
et al., 2009). However, the contribution of astrocytes to vascular
dysfunction and reduced microcirculation, which occur early in
the AD brain (ladecola, 2004; Meyer et al., 2008), is still poorly
understood.

In general, astrocytes are highly plastic cells that depend on
intracellular calcium oscillations to become excited, and on inter-
cellular calcium signaling for astrocyte-astrocyte and astrocyte-

neuron communication (Cornell-Bell et al., 1990; Shigetomi et al.,
2008; Shigetomi et al., 2010). This feature is especially relevant
since parenchymal astrocytes display increased cytosolic calcium,
both in response to high levels of soluble A3 peptides or in the pres-
ence of AP plaques, which was shown to affect both the survival
of astrocytes and of surrounding neurons (Abramov et al., 2004;
Oseki et al., 2014). Importantly, it is accepted that the activation of
astrocytes is associated with the overexpression of glial fibrillary
acidic protein (GFAP), a process often referred to as astrogliosis.
However, GFAP is not a marker for all steady-state astrocytes and is
sometimes not immunohistochemically detectable in astrocytes of
the healthy CNS tissue (Pekny et al., 1995; Pekny and Pekna, 2004;
Sofroniew and Vinters, 2010; Voskuhl et al., 2009). Despite the
lack of knowledge concerning the functional meaning of increased
levels of GFAP in astrocytes, the overexpression of GFAP in the con-
text of AD, both in vitro, in response to AP peptides, and in vivo,
in the AD brain, is accepted as an indicator of neuroinflammation
(Abramov et al., 2004; Oberheim et al., 2008; Pekny et al., 1995).
Recent data highlight the importance of studying the expression of
different GFAP isoforms to better understand the pathogenesis of
AD (Kamphuis et al., 2014). In the brain of aged transgenic mouse
models of AD and in the brain of human AD patients, astrocytes
were shown to acquire a pro-inflammatory activated phenotype
that is associated with a reduced expression of genes encoding
for proteins involved in neuronal support, such as the glutamate
aspartate transporter, the potassium transporter Kir 4.1, glutamine
synthetase and the water channel aquaporin 4 (Orre et al., 2014).
Importantly, similar to microglia, several inflammatory molecules
were shown to mediate astrocytic activation in the AD brain, lead-
ing to the accumulation of astrocytes into the vicinity of large A
aggregates and plaques, and to the formation of glial scar-like struc-
tures, in which these cells provide a barrier between healthy tissue
and areas of injury (Sofroniew and Vinters, 2010). The cytokines
IFN-v, IL-1f3, IL6 and TNF are described as mediators of the classi-
cal pro-inflammatory activation of astrocytes (Carrero et al., 2012;
Chakrabarty et al., 2010a,b, 2011; Ghosh et al., 2013; Hsiao et al.,
2007; Xu et al., 2010) (Fig. 2). The mechanism of astrocytic acti-
vation by pro-inflammatory cytokines, such as TNF, is in part
mediated by increased intracellular calcium and astrocyte depolar-
ization (Hsiao et al., 2007; Koller et al., 1996). Surprisingly, it was
shown that certain combinations of pro-inflammatory cytokines,
like IFN-+y together with IL-1[3 or TNF, were able to trigger A3 pro-
duction by astrocytes, by boosting 3-secretase activity (Blasko etal.,
2000). Due to their ability to express both APP and presenilins, both
glial and neuronal cells are able to contribute to the extracellular
accumulation of A peptides in the AD brain (Kamenetz et al., 2003;
Veeraraghavalu et al,, 2014). In fact, recent studies demonstrate
that glial cells, astrocytes in particular, together with excitatory
neurons (widely considered as the primary source of the AP pep-
tides), are responsible for the early extracellular AB accumulation
in the brain of AD transgenic mice, which suggests that the pro-
inflammatory glial activation observed in the AD brain might in
fact directly contribute to increased amyloidosis (Furman et al.,
2012; Liao et al., 2016; Veeraraghavalu et al., 2014). On the other
hand, it was recently suggested that increased levels of the anti-
inflammatory IL-10, specifically in the brain of an AD transgenic
mouse model, lead to increased production of APO-E by astro-
cytes and increased levels of AP plaque-associated APO-E, which
seems to have a detrimental effect on A phagocytosis by glial
cells (Chakrabarty et al., 2015). This outcome of increased levels
of IL-10 seems to occur through the polarization of astrocytes and
microglia into a deactivated phenotype (Cameron and Landreth,
2010; Chakrabarty et al., 2015; Guillot-Sestier et al., 2015) (Fig. 2).
Curiously, facing the same pro-inflammatory stimulus in the brain,
mice devoid of endogenous APO-E and expressing the APO-Ee3
isoform present a greater degree of astrocytic activation when



S. Dd Mesquita et al. / Neuroscience and Biobehavioral Reviews 68 (2016) 547-562 555

compared to those expressing APO-Ee4, which is again suggests
an association between an AD-related haplotype and astrocytic
deactivation and/or dysfunction (Ophir et al., 2003). Furthermore,
cytokines, like the anti-inflammatory TGF-3, and chemokines, such
as CCL2 and CXCL10, are also involved in the activation of both
microglia and astrocytes (Fig. 3), promoting chemotaxis towards
sites of AP accumulation and AR phagocytosis and degradation
(Krauthausen et al., 2015; Wyss-Coray et al., 2001, 2003). Impor-
tantly, in response to increased levels of A3, astrocytes, similarly to
microglia, can contribute to the maintenance of a pro-inflammatory
milieu by producing IL-13, IL-6, TNF, nitric oxide synthase 2 (NOS2),
NO, CCL2, CXCL10 and TGF-B (Garwood et al., 2011; White et al.,
2005; Wyss-Coray et al., 2001, 2003) (Fig. 3). In fact, the effect of
AP peptides on the pro-inflammatory activation of astrocytes and
microglia has been shown to be achieved through the activation
of particular inflammation-associated transcription factors, such
as NF-kB (Akama et al., 1998; Bonaiuto et al., 1997). A persistent
pro-inflammatory milieu and a chronic activation of astrocytes is
associated with a loss of essential functions, namely of glutamate
uptake and BBB ensheathing (Bush et al., 1999; Rothstein et al.,
1996), and a gain of detrimental functions, including increased lev-
els of calcium and the overproduction and secretion of additional
neurotoxic proteins, such as S100B and LCN2 (Lee et al., 2009; Mori
et al., 2010; Petzold et al., 2003). Altogether, these might aggra-
vate the pro-inflammatory profile and overall CNS pathology in
AD (Medeiros and LaFerla, 2013; Sofroniew and Vinters, 2010). Of
note, as referred before, LCN2 was shown to be overproduced also
by astrocytes, in vitro, in response to AP peptides (Mesquita et al.,
2014) and to be increased in the brain of AD patients (Naude et al.,
2012). Moreover, it was recently shown that increased levels of
LCN2 in the brain may promote, not only the autocrine regulation
of astrogliosis (Lee et al.,, 2009) and microglial activation, favor-
ing the glial polarization into a classical activated phenotype (Jang
et al., 2013a, b), but also the death of neurons (Bi et al., 2013).

3.2.3. Neurons

Often observed as secondary participants in the brain inflamma-
tory process, neurons are also able to express important molecules
that modulate the course and outcomes of the inflammatory
response in AD. In particular, neurons are able to secrete CD22
and CD200, which are recognized by their receptors expressed
by microglia and are able to down-regulate the pro-inflammatory
phenotype of these glial cells (Fig. 3). The low levels of the anti-
inflammatory molecules CD22 and CD200 in the AD brain have
been associated with the setup of chronic inflammation (Mott et al.,
2004; Walker et al., 2009). Also, the deficits in neuronal func-
tion in different animal models of aging and AD are viewed as a
consequence of changes in complement cascade proteins (Wyss-
Coray, 2006; Wyss-Coray et al., 2002). An example of this is the
increased proliferation of neural progenitor cells observed in the
hippocampus of 16 months-old mice lacking CR2 (a receptor for
C3 and IFN-a), when compared to age-matched wild-type mice
(Moriyamaetal.,2011); on the other hand, the ablation of CD59 (the
major inhibitor of the formation of the membrane attack complex)
was associated with increased levels of neuronal TAU hyperphos-
phorylation and synaptic loss in a model of AD-like tauopathy
(Britschgi et al., 2012), which indicates the relevance of comple-
ment proteins in different aspects of neurodegeneration in AD
(Fig. 3). Noticeably, neurons are also able to express RAGE, which
contributes to increased neuroinflammation in AD by mediating
the influx of AP into neuronal cells and, consequently, by promot-
ing NF-kB activation and the increased production and secretion of
M-CSF (Du Yan et al.,, 1997). In fact, increased levels of A} pep-
tides are able to promote neuronal overexpression of IL-6, TNF,
CXCL1, CCL2, CCL5, CX3CL1 and ligands of the triggering recep-
tor expressed on myeloid cells 2 (TREM2) (Fuhrmann et al., 2010;

Hsieh et al., 2009; Lee et al., 2014; Leow-Dyke et al., 2012; Lin
et al., 2013; Roussos et al., 2014) (Fig. 3). As mentioned before,
CX3CRT1 is highly expressed in microglia, yet its ligand CX3CL1 is
mostly produced by neurons. Importantly, the effect of CX3CR1-
and CX3CL1-deficiency on the reduction of the amyloid burden in
an AD transgenic mouse model has been shown to be mostly due
to the membrane-anchored version of CX3CL1 on neurons and not
to the released form of the chemokine (Fuhrmann et al., 2010; Lee
et al., 2014). However, CX3CL1 is involved in the activation of p38
mitogen-activated protein kinase-dependent microglial phagocy-
tosis of AB (Fuhrmann et al., 2010; Lee et al., 2014). Additionally,
decreased levels of neuronal-derived ligands of microglial TREM2
were shown to reduce the phagocytosis of apoptotic neurons by
microglia, and were correlated with increased production of TNF
and NOS2, aggravating the pathogenesis in the AD brain (Hsieh
etal., 2009; Roussos et al., 2014; Takahashi et al., 2005). Noticeably,
itwas recently reported that AR peptides are able to induce the neu-
ronal overexpression of genes encoding for the type I IFN cytokines,
IFN-a and IFN-[3, prior to the overexpression of other classical
pro-inflammatory cytokines, and that signaling by these molecules
modulates AB-induced neurotoxicity (Taylor et al., 2014), a subject
that deserves further investigation.

3.2.4. Oligodendrocytes

Although being extensively studied in other neurologic disor-
ders, such as multiple sclerosis, the role of oligodendrocytes and
myelin as targets and/or active players in the brain inflammatory
response in aging and in AD has been clearly overlooked (Bartzokis,
2011; Roth et al., 2005). However, it was already shown that,
in vitro, AP peptides with different sizes and under different states
of aggregation are able to induce the death of oligodendrocytes
in a dose-dependent manner and to prevent the formation of the
myelin sheet (Horiuchietal., 2012; Xuetal.,2001). These effects are
attributed to increased NF-kB activation, mitochondrial dysfunc-
tion and cytoskeletal disintegration (Lee et al.,2004; Xuetal.,2001),
and have also been observed in vivo, upon injection of AR in the cor-
pus callosum (which induced increased inflammation, microglial
recruitment, oligodendrocyte toxicity and myelin and axonal dam-
age) (Jantaratnotai et al., 2003). Moreover, there is evidence of
oligodendrocyte loss and, thus, white matter deterioration, par-
ticularly in the core of amyloid plaques and in plaque-associated
dystrophic neurites, but not in plaque-free neocortical areas, in the
brains of both AD transgenic mice and of patients with familial and
sporadic AD (Mitew et al., 2010). In addition, recent data also sug-
gest that cerebral amyloidosis in AD mouse models is preceded by
an impairment of neuronal networks and white matter structures,
caused by an early soluble AB-driven oligodendrocyte dysfunction
and myelin damage during pre-symptomatic stages (Desai et al.,
2011; Grandjean et al., 2014). In fact, this effect may be attributed to
increased levels of pro-inflammatory cytokines (e.g., TNF) and com-
plement proteins(e.g.,C1q, C3 and C4), which were shown toinduce
oligodendrocyte apoptosis and necrosis, respectively (Hosokawa
et al,, 2003; Louis et al., 1993). Moreover, increased levels of A3
peptides were shown to enhance the TNF-induced NOS2 expres-
sion and NO production in oligodendrocytes, which may in part
explain the in vivo toxic effects of AP on these glial cells (Zeng et al.,
2005) (Fig. 3). Interestingly, it was reported that AB-mediated tox-
icity to oligodendrocytes is modulated by the presence of other glial
cells in co-culture, namely astrocytes, which might be explained by
the secretion of cell-specific factors that impact on the state of A
aggregation and on the metabolism of A3 peptides (Ramirez et al.,
2005; Roth et al., 2005). Protective or not, the presence, state of
activation and survival of both astrocytes and microglia are critical
for the early alterations in oligodendrocyte survival and white mat-
ter damage in the AD brain (Jantaratnotai et al., 2003; Kobayashi
et al,, 2002; Louis et al., 1993; Roth et al., 2005).
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largely scrutinized in aging and in AD. (7) The detrimental immunomodulatory role of regulatory T (Treg) cells, which suppress the production of IFN-y by Th1 cells at the
level of the barriers of the brain in AD, as also been recently described. However, there is still much to be unraveled about the crosstalk between T cells and innate immune
cells (dendritic cells and monocytes/macrophages) in the initiation and progression of brain dysfunction and cognitive decline in aging and in AD. Unidirectional arrows
represent increased secretion of cytokine or chemokine. Bidirectional arrows represent increased secretion and autocrine effect of cytokine or chemokine. Blunted lines
represent an inhibitory effect on Th1 cell activity triggered by Th2 and Treg cells. Dashed black arrows represent decreased secretion of, or signaling by, IFN-y. Dashed blue
arrows point impaired routes of AR clearance at the BBB and at the BCSFB. Red arrows point a reported noxious effect of cytokines or chemokines on Af3 pathology, target
cell or tissue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. The impact of the immune system on brain function in
AD

After the first evidence pointing to a role of adaptive immune
cells on brain cognitive function (Kipnis et al., 2004), many stud-
ies in the past decade have emphasized the contribution of
mediators of the immune system for the alterations in brain
function observed in aging and in AD. In this section, we
will analyze the role of specific cells of the innate and the
adaptive immune systems and their impact in aging-induced
cognitive deficits or even in brain pathology and behavioral
changes in AD (Fig. 4). In fact, the recent discovery and char-
acterization of CNS lymphatic vessels, which carry both fluid
and immune cells from the CSF and are connected to the deep
cervical lymph nodes (Aspelund et al., 2015; Louveau et al,
2015b), opens a new window on the possible functions of bone
marrow-derived immune cells and of blood-borne molecules that,

besides promoting A3 clearance, may also stimulate brain endoge-
nous regenerative processes and improve the cognitive function
in aging and in AD (Baruch and Schwartz, 2013; Katsumoto
et al, 2014; Lucin and Wyss-Coray, 2009; Ransohoff, 2011)
(Fig. 4).

Initial studies suggested that the induction of an AB-specific
adaptive immune response could be the answer for an effective
clearance of these toxic peptides out of the brain. This idea was
strengthened by the positive effects of the active immunization
with AP peptides (Schenk et al., 1999), or of the injection of human
AB-specific antibodies (Bard et al., 2000), on the disease pheno-
type of AD transgenic mice. These observations prompted for other
studies, showing that the vaccination of AD transgenic mice with
AP peptides enhanced the peripheral levels of IL-4 and IL-10, char-
acteristic of a T helper 2 (Th2) response, and reduced the levels of
IFN-+y, characteristic ofa Th1 response (Town et al., 2002), being this
shift responsible for a marked effect on the amyloid plaque load in
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the brain. However, despite proven useful in reducing brain amy-
loid load, and in rescuing behavioral deficits in mouse models of AD,
most of the vaccination trials conducted on AD patients resulted
in moderate or no disease improvements and, even worse, in the
aggravation of the cognitive deficits and in cases of meningoen-
cephalitis (Holmes et al., 2008; Weiner and Frenkel, 2006). Several
different approaches are now being developed in order to circum-
vent these problems, namely by altering the isotype of AB-specific
antibodies in order to prevent the risk of Fc receptor-mediated over
activation of microglia and the risk of vasogenic edema (Adolfsson
et al.,, 2012). However, to date, no active or passive immunization
approach has produced positive results on memory and cognition
(Liu et al., 2015). Nevertheless, it is increasingly evident, from data
presented in different studies, that immune cells play a critical role
in the pathophysiology of AD. In line with this idea, it was shown
that ApB-specific Th2 cells transferred into AD transgenic mice, led
to a reduction of pro-inflammatory cytokines such as IFN-y, TNF
and IL-4 in the blood, which culminated in cognitive benefits, six
weeks upon transfer (Cao et al., 2009). Concurrently, it was recently
shown that, with aging, AD transgenic mice present a higher per-
centage of IFN-y- and IL-17-producing T cells in the brain (Browne
et al., 2013; McManus et al., 2014). This increase in T cells may be
a consequence of increased chemokine signaling, namely by CCL5
and CCR5, which were shown to be increased in the AD brain (Li
etal., 2009; Tripathy et al., 2010). Moreover, the intravenous adop-
tive transfer of ApB-specific Th1 cells, but not of AB-specific Th2
or Th17 cells, into AD transgenic mice led to increased levels of
IFN-vy, microglial activation, cortical AR accumulation and plaque
burden and a worst cognitive performance (Browne et al., 2013).
Interestingly, all the reported noxious effects of AB-specific Th1
cells were attenuated by repeated peripheral administration of an
IFN-v blocking antibody (Browne et al., 2013). On the other hand,
in the absence of any obvious CNS pathology, it was shown that
an aging-associated increase in the percentage of recruited CNS-
specific Th2 cells into the BCSFB can be extremely deleterious for
normal brain function, due to their contribution to increased lev-
els of IL-4 and CCL11 in the CSF (Fig. 4), which were shown to
critically affect hippocampal neurogenesis and cognition (Baruch
etal., 2013; Villeda et al., 2011). Additionally, as mentioned before,
the increased levels of CCL11 in the blood and in the CSF may
act on peripheral immune cells, on meningeal macrophages and
on CNS-resident microglia, promoting their activation into a pro-
inflammatory destructive phenotype (Baruch et al., 2013; Baruch
and Schwartz, 2013). From these observations, the fine tuning of
Th1/Th2 responses and the ratio IFN-y/IL-4, as well as the respec-
tive downstream molecules and signaling cascades, are thought to
be very important for the proper functioning of the CNS (Baruch
and Schwartz, 2013; Gadani et al., 2012) (Fig. 4). Interestingly,
a recent study highlights a central role of regulatory T cells on
the development of pathology and cognitive impairment in AD
(Baruch et al., 2015). Specifically, it was shown that the transient
depletion of regulatory T cells at the periphery ultimately impacts
on the number of IFN-y-positive cells at the BCSFB, leading to
a protective neuroinflammatory response in the brain, decreased
AP plaque load and better cognitive performance (Baruch et al.,
2015).

Besides T cells, other peripheral immune cells were shown
to modulate brain function in AD, namely dendritic cells and
monocytes/macrophages (Schwartz et al., 2013). Still following the
idea of peripheral immune cell activation for CNS repair, treat-
ment with glatiramer acetate, a known promoter of Th2-based
immune responses, was able to induce an IL-4-dependent change
in microglial phenotype and the mobilization of bone marrow-
derived CD11C* dendritic cells into the brain, which favored the
clearance of parenchymal AP deposits in a mouse model of AD
(Butovsky et al., 2006). The beneficial effect of increased num-

ber of CD11C* cells in the brain was associated with an increased
production of the neurotrophic factor IGF-1, which may be in
part responsible for the observed stimulation of neurogenesis and
attenuated cognitive decline in the glatiramer acetate-treated AD
transgenic mice (Butovsky et al., 2007a,b, 2006), and also for
increased clearance of A3 through the BCSFB (Carro et al., 2005,
2002). Furthermore, blocking TGF-B signaling in CD11C* innate
immune cells increased the recruitment of circulating monocytes
into the brain, which in turn are able to remove A3 from the brain
vasculature, decreasing the degree of cerebral amyloid angiopathy
and parenchymal AP deposition, and modestly improve cogni-
tive function in an AD transgenic mouse model (Michaud et al.,
2013a; Town et al., 2008). Interestingly, these effects were also
accompanied by an up-regulated expression of the gene encoding
for IL-10, suggesting that, besides their function in AP clear-
ance and increased neurogenesis, these bone marrow-derived
antigen presenting cells may also have an important immunosu-
pressive role in the AD brain (Town et al., 2008). Noticeably, it
was recently proposed that peripheral monocytes have more func-
tional consequences on AD-associated traits, when compared to
other peripheral cells of lymphoid origin, namely CD4* T cells (Raj
et al., 2014). In agreement, several studies using mouse models of
AD have shown that, after whole-body irradiation and immune
reconstitution, bone marrow-derived cells of myeloid origin are
able to infiltrate the brain in regions of increased A deposi-
tion and where the BBB is more permeable (Simard et al., 2006;
Stalder et al., 2005). Moreover, immune system reconstitution of
an AD transgenic mouse model with strain-matched bone mar-
row cells from healthy wild-type donor mice promoted a shift
into a Th2 profile of cytokine expression, which was responsi-
ble for increased recruitment of monocytes/macrophages into the
brain and AP phagocytosis by recruited macrophages and resi-
dent microglia (Zhu et al., 2011). These myeloid cells were able to
differentiate into brain perivascular macrophages and microglia,
contributing to the clearance of A from the brain vasculature
and parenchyma, respectively (Michaud et al., 2013a; Mildner
et al, 2011; Simard et al., 2006). Accordingly, impaired CCL2
signaling by ablation of its receptor, CCR2, was shown to accel-
erate memory loss and brain pathology in a mouse model of
AD; an effect that was attributed to a decreased recruitment of
peripheral monocyte-like cells, shown to differentiate into com-
petent AB-internalizing microglia (El Khoury et al.,, 2007; Naert
and Rivest, 2011; Varvel et al., 2012). Of interest, and as already
mentioned for microglia, the activation state of the recruited
peripheral monocytes/macrophages may also be a limiting step
in AD pathology (Fig. 4). Monocytes also express different TLRs,
namely TLR2 and TLR4 which, besides their ability to recognize
AP peptides, regulate the process of A phagocytosis upon stim-
ulation (Michaud et al.,, 2013b; Richard et al., 2008). However,
monocytes isolated from AD patients presented lower expression
levels of different TLRs, which was associated with a decreased
phagocytosis and lysosomal degradation of AP, when compared
to monocytes from age-matched healthy subjects (Fiala et al.,
2007). Altogether, these findings strongly support the relevance of
multiple peripheral immune cells, particularly of innate-like cells
of myeloid origin, and their function in brain immune surveil-
lance and repair in AD. Moreover, given that resident glial cells
have a limited capacity for AB phagocytosis in AD, specially
upon plaque assembly (Meyer-Luehmann et al., 2008; Wyss-
Coray et al., 2003), understanding the mechanisms that modulate
the recruitment and entry of peripheral bone marrow-derived
monocytes into the brain, and differentiation into microglial-like
cells, is important to propose strategies to reduce the age-
dependent increased brain vascular and parenchymal amyloid
burden.
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5. Concluding remarks

The pathophysiology of AD results, at least in part, from changes
in A formation and accumulation in the brain. Yet, the activa-
tion of the amyloidogenic pathway and the neuroinflammatory
response, both at the brain barriers and at the brain parenchyma,
cannot be dissociated. In sum, there seems to be a duality con-
cerning inflammatory glial and neuronal activation, in which the
beneficial or detrimental effects can easily overlap and depend on
the nature of the molecular mediators produced by brain cells and
their respective autocrine and/or paracrine effects, as well as the
timing of occurrence. While some immune cells and inflammatory
mediators, from the periphery, potentially exacerbate brain dam-
age, others orchestrate mechanisms of AP clearance, brain repair
and regeneration. Importantly, when properly stimulated, periph-
eral immune cells can also actively contribute to the regulation of
the neuroinflammatory response and to the modulation of brain
function and behavior, by interacting with the cells that compose
the barriers of the brain and, in some cases, with brain parenchymal
cells. However, besides all the advances made so far, more studies
are needed in order to fully understand the role of specific popu-
lations of immune cells and other modulators of the inflammatory
response on the aging process of the brain, under healthy conditions
and in the context of AD.
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