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The innate immune system (IIS) represents the first line of defense against exogenous
and endogenous harmful stimuli. Different types of pathogens and diverse molecules
can activate the IS via a ligand-receptor mechanism. Cytokine release, recruitment of
immunocompetent cells, and inflammation constitute the initial steps in an IIS-mediated
response. While balanced IIS activity can resolve a harmful event, an altered response,
such as deficient or persistent IIS activity, will have a critical effect on organism homeo-
stasis. In this regard, chronic IIS activation has been associated with a wide range of
diseases, including chronic inflammatory disorders (inflammatory bowel disease, arthri-
tis, chronic obstructive pulmonary disease, among others), cancer and, more recently,
neurodegenerative disorders. The relevance of the immune response, particularly inflam-
mation, in the context of neurodegeneration has motivated rigorous research focused on
unveiling the mechanisms underlying this response. Knowledge regarding the molecular
hallmarks of the innate immune response and understanding signaling pathway cross
talk are critical for developing new therapeutic strategies aimed at modulating the neu-
roinflammatory response within the brain. In the present review, we discuss the IIS in the
central nervous system, particularly the cross talk between the toll-like receptor-signaling
cascade and the wingless-related MMTYV integration site (Wnt) signaling pathway and its
relevance in neurodegenerative disorders such as Alzheimer’s disease.

Keywords: immune response, neuroinflammation, Alzheimer’s disease, toll-like receptors, Wnt signaling

CENTRAL NERVOUS SYSTEM (CNS), ALZHEIMER’S DISEASE
(AD), AND THE IMMUNE RESPONSE: GENERAL
CONSIDERATIONS

The CNS constitutes a highly specialized structure with neuronal physiology depending on the ful-
fillment of specific microenvironmental requirements, which are necessary to control the molecular
and cellular efflux/influx between the CNS and blood (1-3). This controlled isolation, which is
mainly established by the blood-brain barrier (BBB), initially led to the idea that the CNS was
deprived of immune cells, although its ability to respond to systemic and localized pathological
conditions have not only demonstrated its capacity to exhibit an immune response but has also
allowed the identification of specific cells that are responsible for this function (4). Within the brain,
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microglia and astrocytes are specialized cells that function in
immune surveillance and response against several pathological
conditions (4-8). Importantly, common systemic immune cells,
such as cluster of differentiation 11b and ¢ (CD11b, CD11c)-
positive cells, can be found in the CNS during the brain immune
response, and these factors mainly localize close to BBB-damaged
areas, suggesting that their migration from the periphery and
colonization of the CNS are due to an increase in BBB perme-
ability (4, 9-12). However, it has been recognized that the brain
parenchyma constitutes an anti-inflammatory environment that
is rich in anti-inflammatory mediators, such as transforming
growth factor f (TGFf) and interleukin (IL)-10, which prevent
peripheral immune cell proliferation (13-15), providing further
support to the hypothesis that glial cells within the brain are
responsible for the IIS response. Although it is possible that these
characteristics are evidence of an immune-incompetent organ,
Ransohoft and Brown (15) proposed that these particularities
appear to be necessary to avoid strong immune responses, which
can further damage neurons. Consequently, even when the
protective role of the IIS is not considered, the balance of the
immune response is critical within the CNS to prevent additional
damage. Importantly, this balance is dependent on both signals
to unleash the immune response. However, how CNS competent
cells interpret these signals, including the molecular mechanisms
triggered as a part of this response, remains to be determined.

The immune response and the inflammatory component of
such a response are most relevant in several neurodegenerative
disorders, including AD, Parkinson’s disease, Huntington’s dis-
ease, multiple sclerosis, and amyotrophic lateral sclerosis. Indeed,
the broad molecular alterations verified during the course of
these pathologies have identified the inflammatory response as a
critical element for consideration at different stages of the disease.
Consistent with these findings, many efforts have committed not
only to understand the inflammatory response within the brain
or the CNS but also to identify new molecular targets that can
modulate the inflammatory process. Thus, in the present review,
we describe some of the particularities of the toll-like receptors
(TLRs) and the molecular mechanisms triggered after their acti-
vation, as well as their close relationship with the wingless-related
MMTYV integration site (Wnt) signaling pathway. Similarly, we
summarize some of the relevant scientific evidence suggesting
that the cross talk between TLR and Wnt signaling plays a relevant
role in neurodegenerative disorders, particularly in AD.

AD and Neuroinflammation

According to Alzheimer’s Disease International, AD is the
leading cause of dementia, accounting for up to 50-75% of all
dementia cases worldwide. With a total estimated cost of up
to $818 billion, AD is a worldwide public health issue (https://
www.alz.co.uk/research/WorldAlzheimerReport2015.pdf).
Many human and financial efforts have been committed to
understanding this pathology in an attempt to prevent, slow, stop,
and/or reverse AD, which was first described in the early 1900s.
Although relevant progress has been made through the years,
our knowledge remains incomplete, and no effective therapy
is currently available to treat this pathology. Clinically, AD is
characterized by progressive cognitive impairment with mood

and behavioral alterations. Memory loss worsens as pathology
progresses, reflecting brain atrophy as a consequence of severe
neuronal loss (16-20). However, extracellular amyloid-p peptide
(Ap) aggregates, also known as senile plaques, and intracellular
neurofibrillary tangles (NFTs) consisting of hyperphosphoryl-
ated tau protein are the molecular hallmarks of the disease and
are considered the basis of the molecular alterations leading to
neuronal death (20-22). Moreover, according to the amyloid
hypothesis of AD, AP constitutes the starting point for all altera-
tions observed during disease progression, including the NFTs,
and although the triggering mechanisms leading to increased Ap
production and aggregation have not yet been elucidated, our
understanding of the AP effects on the cell molecular machinery
has improved significantly (23-27). Increased production of
reactive oxygen species (ROS), mitochondrial dysfunction, NFT
formation, increased AP production, and synaptic disruption are
some of the consequences of exposure to AP (28, 29). However,
in recent years, the Ap-related inflammatory component of the
pathology has become significantly relevant and is considered a
critical target to control AD (30). Moreover, it has been suggested
that permanent exposure to Ap due to an increased production
or a deficient clearance mechanism from the brain will lead to a
chronic inflammatory state, which results in a harmful environ-
ment for the neurons, causing additional damage and ultimately
further neuronal death (3, 30). Furthermore, the inflammatory
mechanisms triggered by Ap are driven mostly through the TLR
family.

TOLL-LIKE RECEPTORS

As the first unspecific defense, the IIS functions to sense both
molecular patterns related to pathogenic presence (pathogen-
associated molecular patterns, PAMPs) and molecular patterns
related to endogenous molecules indicative of cell damage
(damage-associated molecular patterns, DAMPs) via specific
receptors known as pattern recognition receptors (PRRs) (5,
6, 31, 32). The TLR family constitutes a highly relevant type of
PRR that is necessary not only to unleash the initial immune
response but also to connect this first unspecific defense with
secondary adaptive immunity (6). The presence of TLRs has been
determined in several cell components of the peripheral immune
system and in immunocompetent cells of the brain, such as astro-
cytes and microglia, as well as in neurons and oligodendrocytes
(5, 6), suggesting that each cell type within the brain can sense
and react to harmful molecular patterns. It has also been demon-
strated, with some discrepancies between studies, that microglia
and neurons express all TLR subtypes, while astrocytes express
a more limited repertoire, including TLR2, TLR3, TLR4, TLRY,
and TLR11 (33, 34).

Several members of the TLR family have been described,
ranging from 11 to 13 subtypes and depending on the species
(5). According to Hanke and Kielian (6), TLRs can be divided
into two main groups: those expressed on the plasma mem-
brane, such as TLRs 1, 2, 4, 5, and 6, and those expressed on
endosomes, such as TLR 3, 7, 8, and 9. In addition, TLRs 1, 2, 4,
and 6 recruit an adaptor protein known as cluster of differentia-
tion 14 (5, 6). While external TLRs sense bacterial proteins, such
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as lipopolysaccharide, flagellin and lipoproteins, internal TLRs
sense viral components, such as viral RNA and DNA, as well as
non-methylated CpG-enriched DNA (6, 15, 31). Importantly,
TLRs consist of a toll/interleukin-1 (TIR) intracellular domain,
which, once ligand-activated, triggers the molecular cascade
necessary for an immune/inflammatory response (5). TLRs
usually signal through the myeloid differentiation factor 88
(MyD88) pathway. Accordingly, MyD88 recruitment leads to the
activation of interleukin-1 receptor-associated kinase (IRAK)
family of proteins, which in turn results in the activation of
tumor necrosis factor receptor-associated factor 6, causing the
recruitment of transforming growth factor-p-activated kinase-1
(TAK1). TAKI along with TAKI-binding proteins activate the
IKK complex, resulting in the phosphorylation of IkB factor,
which induces the release of nuclear factor-kB (NF-kB) and ena-
bles its translocation to the nucleus and subsequent expression
of inflammatory-related genes (Figure 1) (5, 35, 36). However,
some TLRs, such as TLRs 3 and 4, can signal via an additional
pathway mediated by TIR-containing adaptor inducing
interferon-p (IFN-B) (TRIF). Although this pathway results in
the release of NF-B, it also causes, via the IKKe/TANK-binding
kinase-1 (TBK1), the phosphorylation of interferon regulatory
factor 3 and 7 (IRF3-7), inducing IFN-f expression (35, 36). At
the end of these TLR-related molecular cascades, we observe
the production and release of several molecular mediators, such
as cytokines, chemokines, complement proteins, and enzymes,
including IL-1, IL-6, IL-10, IL-11, IL-12, tumor necrosis factor
(TNF), TGE IFN, CCL2, CCL5, CXCL8, and CXCL10, among
others (4-6, 15, 35, 36).

Although these mechanisms are the basis of the molecular
effects following TLR activation, it is necessary to consider some
additional features of the TLR signaling cascade. Taking these
findings into consideration, TAK1 activation not only activates
the IKK complex but also activates the nemo-like kinase (NLK)
(37, 38) as well as the c-Jun N-terminal kinases (JNK) pathway
(Figure 1) (35, 36). Similarly, it has been demonstrated that
MyD88 can signal through the phosphatidylinositide-3 kinase
(PI3K)/Akt pathway, leading to modulation of glycogen syn-
thase kinase 3  (GSK3p) activity (39, 40). Moreover, it has been
suggested that some members of the TLR family, such as TLR2
and TLR4, can also activate the PI3K/Akt pathway via a direct
interaction with the Ras-related C3 botulinum toxin substrate 1
(Racl), a member of the Rho family of GTPases (40). However, it
is well recognized that the Janus kinase (JAK)/signal transducer
and activator of transcription (STAT) (JAK/STAT) pathway
respond to a variety of PAMPs/DAMPs and cytokines, including
different interleukins and INF-B. However, studies performed
by Luu and colleagues (41), and more recently, the work of Song
and colleagues (42), have demonstrated that several members
of the TLR family can phosphorylate different STAT members,
suggesting a direct modulation of the JAK/STAT pathway
(Figure 1).

Although we will further discuss the wide signaling pathway
involvement, it is important to highlight that an immune response
usually triggers the release of inflammatory-related molecules,
which can act via both autocrine and paracrine mechanisms.
Thus, an immune response cannot be considered a linear event,

but rather, it should be considered as a cyclic process in which
the initial cellular response causes the production and release
of secondary molecules that can affect both the same cell and
neighboring cells. INF-p is a good example of such a situation.
As previously indicated, TLR3 and TLR4 can induce IFN-$
production via IRF phosphorylation, and this IFN-f can interact
with the interferon receptors (INFGR1 and INFGR2), resulting
in activation of the JAK/STAT pathway and inducing the expres-
sion of further inflammatory-related genes (43, 44). This example
exemplifies the complex molecular interactions established dur-
ing an immune response, and in the following sections, we will
highlight the elements that connect the TLR-mediated immune
response with the Wnt signaling pathway, a critical molecular
cascade in the developing and mature CNS in both physiological
and pathological conditions.

Ap- and TLR-Mediated Immune/
Inflammatory Response

AP is a short sequence of 36-43 amino acids that reacts with
several biological molecules, including lipids and proteins, which
also form AP aggregates (23, 45). Although the most common
form is AP40, AP42 is considered to be more reactive and more
prone to aggregation (46-49). AP has been demonstrated to
interact with several members of the TLR subfamily of receptors,
including TLR2 and TLR4, inducing an immune response with
the subsequent release of pro-inflammatory molecules, including
several members of the IL family, such as IL-1p, IL-6,IL-12, TNFa,
cyclooxygenase 2, and inducible nitric oxide synthase (4, 46, 48,
50, 51). Importantly, as inflammatory mediators, these molecules
can further induce a TLR-mediated immune response, and as
previously indicated, because microglia, astrocytes, neurons,
and oligodendrocytes express several members of this family of
receptors, it is possible to suggest that these cells are not only able
to respond to the AP challenge but they may also respond to the
inflammatory mediators released in response to that initial insult.
Indeed, it has been demonstrated that IL-6 levels are significantly
elevated in AD, and its increased expression can be achieved
via both direct production after primary insult on microglia,
astrocytes, and/or neurons or as a secondary response to pro-
inflammatory mediators such as IL-1p (52-56). Although in a
coordinated response there are compensatory mechanisms such
as the production of IL-10 and TGFp that prevent an exacerbated
immune response, under chronic pro-inflammatory conditions,
similar to conditions of permanent exposure to Ap in AD, the
system will be unbalanced, resulting in an increased production
of pro-inflammatory mediators, which worsen the pathological
scenario (57). Moreover, it is well established that in the case of
microglia, pro-inflammatory signals trigger the activation of this
cell, with the subsequent release of additional pro-inflammatory
mediators, while the presence of anti-inflammatory molecules
(IL-10 and TGEp) leads to an anti-inflammatory microglial state
with the release of neurotrophic factors such as brain-derived
neurotrophic factor and glial-derived neurotrophic factor. These
factors serve to repair the damage induced initially (57-59). In
this regard, it has been demonstrated that activated microglia
surround the AP aggregates within the brain, suggesting a
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FIGURE 1 | TLR molecular cascade. Upon activation, TLRs can signal through different transduction molecules. The MyD88-mediated pathway constitutes the
classical TLR signaling pathway and ultimately leads to the activation of the NF-kB transcription factor, resulting in the production and release of pro-inflammatory
mediators. In addition, some members of the TLR family can activate other pathways, such as PI3K and JAK/STAT. Although these mechanisms also lead to NF-kB
activation, the intermediary molecular nodes can interact and activate additional signaling pathways. TLR, toll-like receptor; MyD88, myeloid differentiation factor 88;
TAK1, transforming growth factor-p-activated kinase-1; IKK, inhibitory NF-kB kinases; NLK, nemo-like kinase; JNK, c-Jun N-terminal kinases; NF-xB, nuclear
factor-B; TRIF, TIR-containing adaptor inducing interferon-p; PI3K, phosphatidylinositide-3 kinase; Akt, protein kinase B; GSK3p, glycogen synthase kinase 3 f;
JAK, Janus kinase; STAT, signal transducer and activator of transcription.

permanent pro-inflammatory state that contributes to the spread
of the pro-inflammatory environment across the brain (60-62).

Similarly, another feature that must be considered is the mito-
chondrial dysfunction induced by A. This alteration will not
only alter the energy balance within the neurons due to impaired
ATP production but will also induce an increase in ROS levels,
resulting in the production of additional pro-inflammatory
mediators, such as IL-6 (63-66). In addition, once released to the
extracellular compartment, ROS can further activate the inflam-
matory pathways in neighboring cells inducing the activation of
the NF-kB-dependent pro-inflammatory cascade (67, 68).

Importantly, the inflammatory cascade occurs within a com-
plex cellular molecular network, and under such conditions, it is
not difficult to realize that the interaction between the different
molecular pathways within the cell is a fundamental feature of
the coordinated response against different stimuli. Based on
our experience and on the current knowledge regarding neu-
roinflammation, in the following section, we will describe and
discuss the Wnt signaling pathway and its relationship with the
TLR-mediated immune/inflammatory response.

Wnt SIGNALING PATHWAY

Initially described in Drosophila, the Wnt glycoproteins currently
constitute a relevant molecular system related to critical physi-
ological events, including cell proliferation and differentiation
(69-71). Wnt proteins are highly conserved among different
species; in mammals, up to 19 members have been identified (7).
Moreover, beyond its physiological roles, several studies, includ-
ing some conducted by our laboratory, have demonstrated the
involvement of this family of proteins in pathological processes
of the CNS, such as neurodegenerative disorders (71-76). These
Wnt proteins can activate two main pathways: the canonical and
non-canonical Wnt pathways (77) (Figure 2).

In the canonical or p-catenin-dependent pathway, Wnt
proteins bind to the Frizzled receptor/low-density lipoprotein
receptor-related protein 5/6 (Fz/LRP5/6), inducing the activation
of the disheveled protein and the interaction between LRP5/6 with
Axin. This interaction causes the disassembly of the p-catenin
destruction complex consisting of adenomatous polyposis coli,
Axin, GSK3p, and casein kinase-1, preventing GSK3p-mediated
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FIGURE 2 | General overview of the Wnt signaling pathway. The Wnt signaling pathway can be divided into the canonical Wnt signaling and non-canonical
Wnt pathways. During activation, canonical Wnt ligands interact with the Fz-LRP5/6 complex receptor, inducing the activation of Dvl and the recruitment of Axin by
LRP5/6. This situation leads to the disassembly of the p-catenin destruction complex, which prevents GSK3p-mediated p-catenin phosphorylation. Thus, p-catenin
can translocate to the nucleus where it binds to the TCF/Lef, initiating the transcription of Wnt-related genes. When inactivated, the p-catenin destruction complex
remains stabilized, allowing the phosphorylation of f-catenin, inducing its degradation by the proteasome. However, the non-canonical Wnt/PCP pathway requires
non-canonical Wnt ligands, which will interact with the Fz receptor and will activate Dvl. However, at this point, Dvl induces the activation of RhoA and Rac, which
ultimately will lead to cytoskeletal rearrangement. Similarly, a secondary non-canonical Wnt pathway, known as Wnt/Ca?*, can be triggered by non-canonical Wnt
ligands. In this case, Fz will induce the release of calcium from intracellular stores, leading to the activation of calcineurin, CamKIl, and PKC. Fz, frizzled receptor;
LRP, low-density lipoprotein receptor-related protein; Dvl, disheveled; APC, adenomatous polyposis coli; GSK3, glycogen synthase kinase 3 p; TCF/Lef, T-cell
factor/lymphoid enhancer factor; PCP, planar cell polarity; RhoA, Ras homolog gene family member A; ROCK, rho-associated protein kinase; Rac1, Ras-related C3

botulinum toxin substrate 1; JNK, c-Jun N-terminal kinase; PKC, protein kinase C; CamKIl, calcium/calmodulin kinase II.

f-catenin phosphorylation. Next, f-catenin can translocate to the
nucleus and bind to the T-cell factor/lymphoid enhancer factor
(TCF/Lef) transcription factor to induce Wnt gene expression.
In the absence of Wnt proteins, the destruction complex remains
active and promotes GSK3f-mediated f-catenin phospho-
rylation, resulting in proteasomal degradation of f-catenin and
blockade of the expression of Wnt target genes (77-79). However,
the non-canonical Wnt pathway can be further divided into two
additional mechanisms: the Wnt/planar cell polarity (Wnt/PCP)
pathway, which requires the binding of Wnt proteins to the Fz
receptor to activate disheveled and subsequently Rho and Rac
GTPases, inducing JNK activity and leading to actin cytoskeleton
modeling (7, 71, 80), and the Wnt/Ca** pathway in which the
binding of Wnt proteins to the Fz receptor causes the release of
Ca’* from intracellular compartments, inducing the activation of
calcium-related proteins, such as protein kinase C and calcium/
calmodulin-dependent protein kinase (Ca**/CamKII) (7, 71, 81).

According to Marchetti and Pluchino (7), Wnt proteins can be
categorized according to their ability to induce a specific pathway

into two main classes: the Wntl subtype, which includes Wnt2,
-3, -3a, and -8a; and the Wnt5a subtype, which includes Wnt4,
-5a, -5b, -6, -7a, and -11. However, this classification states that
the Wntl subfamily activates the canonical Wnt pathway, while
Wnt5a functions via non-canonical signaling, and in some cases,
the same Wnt ligand can activate both pathways depending on
the physiological/pathological conditions (7). Moreover, it has
been established that beyond the external regulation of the Wnt
pathways by ligands and inhibitors, the cross talk between both
canonical and non-canonical signals can exert a modulatory
effect over its counterpart. Furthermore, Wnt pathways also
interact with additional signaling pathways, including NF-«B,
forkhead box O, Notch, hypoxia-inducible factor 1o, and JNK
(28, 82). In this regard, several elements of the Wnt cascade con-
stitute molecular master switches that can be accessed through
additional signaling pathways. GSK3p, TCF/Lef transcription
factor, and p-catenin are examples of Wnt elements that are able
to receive input from additional signaling cascades, which can
have a modulatory effect on Wnt pathways. Importantly, these
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characteristics demonstrate the critical role that Wnt pathways
play in several cellular processes, including the pathophysiologi-
cal mechanisms verified during the development of several CNS
disorders, such as neurodegenerative diseases.

Wnt SIGNALING AND TLR CROSS TALK:
TOWARD NEUROINFLAMMATORY
MODULATION

Controlling the immune/inflammatory response in the context of
AD has emerged as a fundamental goal to successfully approach
treating this disease. However, a general anti-inflammatory drug
is not sufficient to resolve the problem, as different interventions
are needed to modulate such a response within the CNS. In this
regard, the Wnt signaling pathway, which has demonstrated
relevant functions in several cell physiological processes, has also
important functions as an immune/inflammatory modulator (7,
28, 83).

Currently, it is commonly accepted that canonical Wnt sign-
aling acts as an anti-inflammatory mechanism, while the non-
canonical pathway has pro-inflammatory activity (7, 28). Several
studies have demonstrated the anti-inflammatory activity of the
canonical Wnt pathway, and among the mechanisms that explain
this effect, the direct interaction with members of the NF-xB
transcription factor family, such as RelA, constitutes a relevant
mechanism (28, 84, 85). Furthermore, blockade of the canonical
Wnt pathway has been demonstrated to promote an inflamma-
tory state, at least in lungs exposed to silica (86). However, activa-
tion of the non-canonical Wnt pathway has been demonstrated
to promote inflammation and induce the pro-inflammatory state
of microglia and to amplify the neuroinflammatory environment
caused by AP exposure (7, 84, 87). Similarly, through different
pathways, including PI3K/Akt, Racl, and MAPK, non-canonical
Wnt ligands induce the activity of the NF-«B transcription factor
(88) (Figure 3). However, the non-canonical ligand Wnt5a has
also been observed to exert anti-inflammatory activity upon LPS
challenge or in bone tissue, and canonical Wnt ligands can induce
the pro-inflammatory state in previously activated microglia
(89-91). As previously indicated, this situation only confirmed
that the physiological and cellular context is important when
deciphering the outcome of Wnt pathway activation.

Considering that Wnt pathways can affect the activity of the
NF-xB transcription factor, a common end point and a master
controller of the TLR-mediated response, the cross talk between
the Wnt and TLR pathways appears to be evident (28). However, at
this point, some key molecular elements, previously highlighted
in the present work, allow the establishment of a closer interplay
between the molecular components of both signaling pathways.

Toll-like receptor activation has been demonstrated to down-
regulate the canonical Wnt signaling pathway. Indeed, TLR4
activation has been shown to prevent LRP6 phosphorylation,
which is necessary for Fz-LRP5/6 activity, and block the canoni-
cal Wnt signaling at the early steps of the molecular cascade
(92) (Figure 3A). However, in macrophages, activation of the
non-canonical Wnt pathway, Wnt/Ca®*, by the Wnt5a ligand
can induce, in a TAK1-dependent manner, the expression of

the suppressor of cytokine signaling 1 and of protein inhibitors
of activated STAT 1, which causes a decrease in the expression
levels of several signal transducers of the TLRs cascade, such
as IRAK members and MyD88 (93) (Figure 3B). However, the
precise mechanisms of TLR-mediated up-/downregulation of
Wht signaling and vice versa, or if these regulatory mechanisms
are confirmed in microglia, astrocytes, and/or neurons, comprise
an open field for future research.

Conversely, the MyD88-mediated TLR activity results in
TAK1 activation of NLK (Figure 1), which directly interacts
with Wnt signaling pathways at the level of the B-catenin-TCF/
Lef complex (94) (Figure 3A). Controversially, it has been
demonstrated that NLK can positively and negatively regulate
canonical Wnt signaling. Indeed, while Ota and colleagues (95)
have demonstrated that NLK favors the expression of canonical
Wht target genes via Lef phosphorylation, Ishitani and colleagues
(96) previously demonstrated a coordinated interaction between
TAK1-NLK and the Wnt/Ca®* pathway to antagonize canonical
Whnt signaling. Once again, the cell and physiological contexts
appear to be determinants for the outcome of such an interaction.

In a similar manner, TLRs, through PI3K, can induce the
activation of Akt, a critical kinase able to phosphorylate GSK3f
(97). Moreover, it has recently been demonstrated that MyD88-
independent TLR signaling activates IKKe/TBK1, which can
directly phosphorylate Akt, leading to GSK3f inhibition (98).
Importantly, GSK3p constitutes a key protein in the canonical
Wnt pathway as its activity induces p-catenin degradation.
Consequently, Akt-mediated inhibition of GSK3p can lead to
increased activity of the canonical Wnt pathway due to increased
levels of stabilized p-catenin, which translocates to the cell nucleus
(97) (Figure 3A). In addition, GSK3 activity has also been dem-
onstrated to be relevant for TLR-mediated cytokine production.
Indeed, inhibition of GSK3p impairs the ability of NF-kB to bind
to the cAMP response element-binding protein (CREB)-binding
protein (28, 85, 97). Interestingly, it has also been suggested that
this impairment could be mediated by the nuclear p-catenin
(Figure 3B). Further confirmation of this interaction mediated
through the GSK3p node is provided by studies performed by
Li and colleagues (99) on the effects of lithium, a well-known
canonical Wnt signaling agonist, which induces the inhibition of
GSK3p. In that study, the authors observed that lithium not only
reduces the expression of pro-inflammatory mediators, such as
IL-6, but it also reduces TLR4 expression in astrocytes. Whether
these effects are mediated directly by Wnt signaling or as a part of
a secondary mechanism, the convergence around GSK3p further
supports the idea that a direct interplay between these pathways
is part of the immune/inflammatory response.

FINAL CONSIDERATIONS

The immune response constitutes a highly complex mechanism
that involves the interaction between several signaling pathways
within different cell types. Inflammation is a component of
the coordinated immune response, and within the CNS, it has
emerged as a critical element because a sustained inflammatory
state can further damage the neuronal network. Af, an AD
molecular hallmark, induces an inflammatory response via a
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FIGURE 3 | Proposed molecular talking points between TLRs, Wnt, and nuclear factor-kB (NF-kB). The schematic summarizes the suggested interplaying
molecular nodes between the different signaling pathways addressed in the present review. (A) According to the literature, TLRs can modulate the activity of Wnt
signaling at different points. TLRs can prevent the activation of LRP6, supporting the function of the p-catenin destruction complex, thereby promoting the
degradation of p-catenin and blocking the expression of Wnt target genes. In contrast, TLRs can lead, through PI3K and IKKe, to the activation of Akt, causing the
inhibition of GSK3p. However, TLR signaling can also lead to NLK activation, which can interact with the Lef member of the TCF/Lef transcription factor. (B) Similarly,
Whnt signaling, through its different pathways, can modulate the activity of the TLRs. The non-canonical Wnt/Ca?+ pathway can induce, through TAK1, the activation
of SOC1 and PIAS1, causing a reduced expression of TLR signal transducers, such as Myd88. Similarly, the non-canonical Wnt/PCP can interact through Rac1/
PI3K/Akt with the IKK complex, modulating the activation of NF-kB. In the case of canonical Wnt signaling, direct modulation of the NF-kB through a Wnt-mediated
RelA interaction has been demonstrated. Moreover, it has been suggested that p-catenin can block the interaction between NF-kB and CBP/P300, preventing the
transcription of NF-kB-target genes. TLR, toll-like receptor; MyD88, myeloid differentiation factor 88; TAK1, transforming growth factor--activated kinase-1; IKK,
inhibitory NF-xB kinase; NLK, nemo-like kinase; PI3K, phosphatidylinositide-3 kinase; Akt, protein kinase B; LRP6, low-density lipoprotein receptor-related protein 6;
GSK3p, glycogen synthase kinase 3 p; TCF/Lef, T-cell factor/lymphoid enhancer factor; PCP, planar cell polarity; Rac1, Ras-related C3 botulinum toxin substrate 1;
SOCH, suppressor of cytokine signaling 1; PIAS1, protein inhibitors of activated STAT 1; CBP, CREB-binding protein, RelA, p65 subunit.

Frontiers in Immunology | www.frontiersin.org February 2017 | Volume 8 | Article 187


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Zolezzi and Inestrosa

Wnt/TLR Cross Talk in Neuroinflammation

TLR-mediated mechanism, and continuous exposure to Af
perpetuates the pro-inflammatory state. Consistent with these
findings, modulation of the inflammatory response is considered
a major goal to limit the damage observed in AD. In this regard,
the canonical and non-canonical Wnt signaling pathways have
demonstrated both pro- and anti-inflammatory activity; how-
ever, the precise mechanisms of such a modulatory role are far
from clear. During the last decade, several research groups have
found relevant evidence suggesting a direct interaction between
the Wnt pathways and the TLR-mediated immune response, and
although further research is needed to elucidate some controver-
sies observed regarding this interaction, the current knowledge

REFERENCES

1. Zlokovic BV. The blood-brain barrier in health and chronic neurodegenerative
disorders. Neuron (2008) 57(2):178-201. doi:10.1016/j.neuron.2008.01.003
2. Zlokovic BV. Neurovascular pathways to neurodegeneration in Alzheimer’s
disease and other disorders. Nat Rev Neurosci (2011) 12(12):723-38.
doi:10.1038/nrn3114
3. Zolezzi M, Inestrosa NC. Peroxisome proliferator-activated receptors and
Alzheimer’s disease: hitting the blood-brain barrier. Mol Neurobiol (2013)
48(3):438-51. doi:10.1007/s12035-013-8435-5
4. Rivest S. Regulation of innate immune responses in the brain. Nat Rev
Immunol (2009) 9(6):429-39. doi:10.1038/nri2565
5. Landreth G, Reed-Geaghan E. Toll-like receptors in Alzheimer’s disease. Curr
Top Microbiol Immunol (2009) 336:137-53. doi:10.1007/978-3-642-00549-7_8
6. Hanke M, Kielian T. Toll-like receptors in health and disease in the brain:
mechanisms and therapeutic potential. Clin Sci (London) (2011) 121(9):
367-87. doi:10.1042/CS20110164
7. Marchetti B, Pluchino S. Wnt your brain be inflamed? Yes, it Wnt! Trends Mol
Med (2013) 19(3):144-56. doi:10.1016/j.molmed.2012.12.001
8. Kopitar-Jerala N. Innate immune response in brain, NF-kappa B signaling
and cystatins. Front Mol Neurosci (2015) 8:73. doi:10.3389/fnmol.2015.00073
9. Miller SD, McMahon EJ, Schreiner B, Bailey SL. Antigen presentation in the
CNS by myeloid dendritic cells drives progression of relapsing experimental
autoimmune encephalomyelitis. Ann N Y Acad Sci (2007) 1103:179-91.
doi:10.1196/annals.1394.023
10. Almolda B, Gonzalez B, Castellano B. Antigen presentation in EAE: role of
microglia, macrophages and dendritic cells. Front Biosci (2011) 16:1157-71.
doi:10.2741/3781
11. Winkler EA, Sengillo JD, Bell RD, Wang ], Zlokovic BV. Blood-spinal cord
barrier pericyte reductions contributes to increased capillary permeability.
J Cereb Blood Flow Metab (2012) 32(10):1841-52. doi:10.1038/jcbfm.2012.113
12. Sweeney MD, Ayyadurai S, Zlokovic BV. Pericytes of the neurovascular unit:
key functions and signaling. Nat Neurosci (2016) 19:771-83. doi:10.1038/
nn.4288
13. Malipiero U, Koedel U, Pfister HW, Levéen P, Biirki K, Reith W, et al. TGFbeta
receptor II gene deletion in leucocytes prevents cerebral vasculitis in bacterial
meningitis. Brain (2006) 129(9):2404-15. doi:10.1093/brain/awl192
14. Strle K, Zhou JH, Shen WH, Broussard SR, Johnson RW, Freund GG,
et al. Interleukin-10 in the brain. Crit Rev Immunol (2001) 21(5):427-49.
doi:10.1615/CritRevImmunol.v21.i5.20
15. Ransohoff R, Brown M. Innate immunity in the central nervous system. J Clin
Invest (2012) 122(4):1164-71. d0i:10.1172/JCI158644
16. Braak H, Braak E. Neuropathological staging of Alzheimer-related changes.
Acta Neuropathol (1991) 82(4):239-59. doi:10.1007/BF00308809
17. Ballard C, GauthierS, Corbett A, Brayne C, Aarsland D, Jones E. Alzheimer’s dis-
ease. Lancet (2011) 377(9770):1019-31. doi:10.1016/S0140-6736(10)61349-9
18. Serrano-Pozo A, Frosch MP, Masliah E, Hyman BT. Neuropathological
alterations in Alzheimer disease. Cold Spring Harb Perspect Biol (2011)
1(1):a006189. doi:10.1101/cshperspect.a006189
19. Goémez-Isla T, Hollister R, West H, Mui S, Growdon JH, Petersen RC, et al.
Neuronalloss correlates with but exceeds neurofibrillary tangles in Alzheimer’s
disease. Ann Neurol (1997) 41(1):17-24. d0i:10.1002/ana.410410106

suggests that cross talk between these two molecular cascades can
provide insight toward new therapeutic targets in the context of
neurodegenerative disorders, such as AD.

AUTHOR CONTRIBUTIONS

JZ and NI conceived and wrote the manuscript.

FUNDING

This work was funded by CONICYT PIA/BASAL PFB12/2007
to NL

20. Perl DP. Neuropathology of Alzheimer’s disease. Mt Sinai J Med (2010)
77(1):32-42. d0i:10.1002/ms;j.20157

21. Salmon DP, Bondi MW. Neuropsychological assessment of dementia. Annu
Rev Psychol (2009) 60:257-82. doi:10.1146/annurev.psych.57.102904.190024

22. Manji H, Kato T, Di Prospero NA, Ness S, Beal ME, Krams M, et al. Impaired
mitochondrial function in psychiatric disorders. Nat Rev Neurosci (2012)
13(5):293-307. d0i:10.1038/nrn3229

23. Selkoe DJ. Alzheimer’s disease results from the cerebral accumulation and
cytotoxicity of amyloid beta-protein. J Alzheimers Dis (2001) 3(1):75-80.

24. Karran E, Mercken M, De Strooper B. The amyloid cascade hypothesis for
Alzheimer’s disease: an appraisal for the development of therapeutics. Nat Rev
Drug Discov (2011) 10(9):698-712. d0i:10.1038/nrd3505

25. Haass C, Selkoe DJ. Soluble protein oligomers in neurodegeneration: lessons
from the Alzheimer’s amyloid beta-peptide. Nat Rev Mol Cell Biol (2007)
8(2):101-12. d0i:10.1038/nrm2101

26. Cerpa W, Dinamarca MC, Inestrosa NC. Structure-function implications
in Alzheimer’s disease: effect of Abeta oligomers at central synapses. Curr
Alzheimer Res (2008) 5(3):233-43. doi:10.2174/156720508784533321

27. Dinamarca MC, Rios JA, Inestrosa NC. Postsynaptic receptors for amyloid-f
oligomers as mediators of neuronal damage in Alzheimer’s disease. Front
Physiol (2012) 3:464. doi:10.3389/fphys.2012.00464

28. Ma B, Hottiger MO. Crosstalk between Wnt/p-catenin and NF-«B signaling
pathway during inflammation. Front Immunol (2016) 7:378. doi:10.3389/
fimmu.2016.00378

29. Bastias-Candia S, Garrido AN, Zolezzi JM, Inestrosa NC. Recent advances
in neuroinflammatory therapeutics: PPARs/LXR as neuroinflammatory
modulators. Curr Pharm Des (2016) 22(10):1312-23. d0i:10.2174/13816128
22666151223103038

30. Andreasson KI, Bachstetter AD, Colonna M, Ginhoux E Holmes C, Lamb B,
et al. Targetin innate immunity for neurodegenerative disorders of the central
nervous system. ] Neurochem (2016) 138(5):653-93. doi:10.1111/jnc.13667

31. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell
(2010) 140(6):805-20. doi:10.1016/j.cell.2010.01.022

32. Piccinini AM, Midwood KS. DAMPening inflammation by modulating TLR
signaling. Mediators Inflamm (2010):672395. doi:10.1155/2010/672395

33. Mishra BB, Mishra PK, Teale JM. Expression and distribution of toll-like
receptors in the brain during murine neurocysticercosis. ] Neuroimmunol
(2006) 181(1-2):46-56. doi:10.1016/j.jneuroim.2006.07.019

34. Atmaca HT, Kul O, Karakus E, Terzi OS, Canpolat S, Anteplioglu T. Astrocytes,
microglia/macrophages, and neurons expressing toll-like receptor 11 con-
tribute to innate immunity against encephalitic Toxoplasma gondii infection.
Neuroscience (2014) 269:184-91. doi:10.1016/j.neuroscience.2014.03.049

35. Kawai T, Akira S. Toll-like receptor downstream signaling. Arthritis Res Ther
(2005) 7(1):12-9. doi:10.1186/ar1469

36. Kawai T, Akira S. Signaling to NF-kB by toll-like receptors. Trends Mol Med
(2007) 13(11):460-9. doi:10.1016/j.molmed.2007.09.002

37. Ishitani T, Ninomiya-Tsuji J, Nagai S, Nishita M, Meneghini M, Barker N,
et al. The TAK1-NLK-MAPK-related pathway antagonizes signaling between
B-catenin and transcription factor TCE Nature (1999) 399(6738):798-802.
doi:10.1038/21674

38. ZhangZY,LiSZ,Zhang HH, Wu QR, Gong]J, Liang T, etal. Stabilization of ATF5
by TAK1-Nemo-like kinase critically regulates the interleukin-1p-stimulated

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 187


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.neuron.2008.
01.003
https://doi.org/10.1038/nrn3114
https://doi.org/10.1007/s12035-013-8435-5
https://doi.org/10.1038/nri2565
https://doi.org/10.1007/978-3-642-00549-7_8
https://doi.org/10.1042/CS20110164
https://doi.org/10.1016/j.molmed.2012.12.001
https://doi.org/10.3389/fnmol.2015.00073
https://doi.org/10.1196/annals.1394.023
https://doi.org/10.2741/3781
https://doi.org/10.1038/jcbfm.2012.113
https://doi.org/10.1038/nn.4288
https://doi.org/10.1038/nn.4288
https://doi.org/10.1093/brain/awl192
https://doi.org/10.1615/CritRevImmunol.v21.i5.20
https://doi.org/10.1172/JCI58644
https://doi.org/10.1007/BF00308809
https://doi.org/10.1016/S0140-6736(10)61349-9
https://doi.org/10.1101/cshperspect.a006189
https://doi.org/10.1002/ana.410410106
https://doi.org/10.1002/msj.20157
https://doi.org/10.1146/annurev.psych.57.102904.190024
https://doi.org/10.1038/nrn3229
https://doi.org/10.1038/nrd3505
https://doi.org/10.1038/nrm2101
https://doi.org/10.2174/156720508784533321
https://doi.org/10.3389/fphys.2012.00464
https://doi.org/10.3389/fimmu.2016.00378
https://doi.org/10.3389/fimmu.2016.00378
https://doi.org/10.2174/1381612822666151223103038
https://doi.org/10.2174/1381612822666151223103038
https://doi.org/10.1111/jnc.13667
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1155/2010/672395
https://doi.org/10.1016/j.jneuroim.2006.07.019
https://doi.org/10.1016/j.neuroscience.2014.03.049
https://doi.org/10.1186/ar1469
https://doi.org/10.1016/j.molmed.2007.09.002
https://doi.org/10.1038/21674

Zolezzi and Inestrosa

Wnt/TLR Cross Talk in Neuroinflammation

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

C/EBP signaling pathway. Mol Cell Biol (2015) 35(5):778-88. doi:10.1128/
MCB.01228-14

Monick MM, Carter AB, Robeff PK, Flaherty DM, Peterson MW,
Hunninghake GW. Lipopolysaccharide activates Akt in human alveolar
macrophages resulting in nuclear accumulation and transcriptional activity
of beta-catenin. J Immunol (2001) 166(7):4713-20. doi:10.4049/jimmunol.
166.7.4713

Arbibe L, Mira JP, Teusch N, Kline L, Guha M, Mackman N, et al. Toll-like
receptor 2-mediated NF-kappa B activation requires a Racl-dependent
pathway. Nat Immunol (2000) 1(6):533-40. doi:10.1038/82797

Luu K, Greenhill CJ, Majorors A, Decker T, Jenkins BJ, Mansell A. STAT1 plays
arole in TLR signal transduction and inflammatory responses. Immunol Cell
Biol (2014) 92(9):761-9. d0i:10.1038/icb.2014.51

Song E, Zeng K, Liao L, Yu Q, Tu P, Wang X. Schizadrin A inhibits microg-
lia-mediated neuroinflammation through inhibiting TRAF6-NF-kB and Jak-
Stat3 signaling pathways. PLos One (2016) 11(2):1-16. doi:10.1371/journal.
pone.0149991

Jung IH, Choi JH, Chung YY, Lim GL, Park YN, Park SW. Predominant
activation of JAK/STAT3 pathway by interleukin-6 is implicated in hepato-
carcinogenesis. Neoplasia (2015) 17(7):586-97. doi:10.1016/j.ne0.2015.07.005
Roskoski R Jr. Janus kinase (JAK) inhibitors in the treatment of inflammatory
and neoplastic diseases. Pharmacol Res (2016) 111:784-803. doi:10.1016/
j.phr.2016.07.038

Selkoe D. Toward a comprehensive theory for Alzheimer’s disease. Hypothesis:
Alzheimer’s disease is caused by the cerebral accumulation and cytotoxicity
of amyloid beta-protein. Ann N Y Acad Sci (2000) 924:17-25. doi:10.1111/
j.1749-6632.2000.tb05554.x

Reed-Geaghan EG, Savage JC, Hise AG, Landreth GE. CD14 and toll-like
receptors 2 and 4 are required for fibrillar A-stimulated microglial activation.
J Neurosci (2009) 29(38):11982-92. doi:10.1523/JNEUROSCI.3158-09.2009
Amor S, Puentes F, Baker D, van der Valk P. Inflammation in neurodegen-
erative diseases. Immunology (2010) 129(2):154-69. doi:10.1111/j.1365-
2567.2009.03225.x

Liu§, Liu Y, Hao W, Wolf L, Kiliaan AJ, Penke B, etal. TLR2 is a primary receptor
for Alzheimer’s amyloid beta peptide to trigger neuroinflammatory activation.
J Immunol (2012) 188(3):1098-107. doi:10.4049/jimmunol.1101121

Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, Feinstein
DL, et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol (2015)
14:388-405. doi:10.1016/S1474-4422(15)70016-5

Minter MR, Main BS, Brody KM, Zhang M, Taylor JM, Crack PJ. Soluble
amyloid triggers a myeloid differentiation factor 88 and interferon reg-
ulatory factor 7 dependent neuronal type-1 interferon response in vitro.
J Neuroinflammation (2015) 12:71. doi:10.1186/s12974-015-0263-2
McDonald CL, Hennessy E, Rubio-Araiz A, Keogh B, McCormack W,
McGuirk P, et al. Inhibiting TLR2 activation attenuates amyloid accumulation
and glial activation in a mouse model of Alzheimer’s disease. Brain Behav
Immun (2016) 58:191-200. doi:10.1016/j.bbi.2016.07.143

Bauer ], Strauss S, Schreiter-Gasser U, Ganter U, Schlegel P, Witt I,
et al. Interleukin-6 and alpha-2-macroglobulin indicate an acute-phase
state in Alzheimer’s disease cortices. FEBS Lett (1991) 285(1):111-4.
doi:10.1016/0014-5793(91)80737-N

Wood JA, Wood PL, Ryan R, Graff-Radford NR, Pilapil C, Robitaille Y, et al.
Cytokine indices in Alzheimer’s temporal cortex: no changes in mature IL-1
beta or IL-1RA but increases in the associated acute phase proteins IL-6, alpha
2-macroglobulin and C-reactive protein. Brain Res (1993) 629(2):245-52.
doi:10.1016/0006-8993(93)91327-O

Hall M, Strauss S, Berger M, Volk B, Bauer J. The participation of interleu-
kin-6, a stress-inducible cytokine, in the pathogenesis of Alzheimer’s disease.
Behav Brain Res (1996) 78(1):37-41. doi:10.1016/0166-4328(95)00213-8
Erta M, Quintana A, Hidalgo J. Interleukin-6, a major cytokine in the central
nervous system. Int ] Biol Sci (2012) 8(9):1254-66. doi:10.7150/ijbs.4679
Dursun E, Gezen-Ak D, Hanagas1 H, Bilgi¢ B, Lohmann E, Ertan S, et al.
The interleukin 1 alpha, interleukin 1 beta, interleukin 6 and alpha-2-macro-
globulin serum levels in patients with early or late onset Alzheimer’s disease,
mild cognitive impairment or Parkinson’s disease. ] Neuroimmunol (2015)
283:50-7. doi:10.1016/j.jneuroim.2015.04.014

Achour B, Pascual O. Glia: the many ways to modulate synaptic plasticity.
Neurochem Int (2010) 57(4):440-5. do0i:10.1016/j.neuint.2010.02.013

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Lull M, Block M. Microglial activation and chronic neurodegeneration.
Neurotherapeutics (2010) 7(4):354-65. doi:10.1016/j.nurt.2010.05.014
Fischer R, Maier O. Interrelation of oxidative stress and inflammation
in neurodegenerative disease: role of TNE Oxid Med Cell Longev (2015)
2015:610813. doi:10.1155/2015/610813

Baik SH, Kang S, Son SM, Mook-Jung I. Microglia contributes to plaque
growth by cell death due to uptake of amyloid f in the brain of Alzheimer’s
disease mouse model. Glia (2016) 64(12):2274-90. doi:10.1002/glia.23074
Iwahara N, Hisahara S, Kawamata J, Matsumura A, Yokokawa K, Saito T,
et al. Role of suppressor of cytokine signaling 3 (SOCS3) in altering activated
microglia phenotype in APPswe/PS1dE9 mice. ] Alzheimers Dis (2017)
55(3):1235-47. doi:10.3233/JAD-160887

Tejera D, Heneka MT. Microglia in Alzheimer’s disease: the good, the bad and
the ugly. Curr Alzheimer Res (2016) 13(4):370-80. doi:10.2174/15672050136
66151116125012

Zolezzi JM, Silva-Alvarez C, Ordenes D, Godoy JA, Carvajal FJ, Santos M]J,
et al. Peroxisome proliferator-activated receptor (PPAR) y and PPARx ago-
nists modulate mitochondrial fusion-fission dynamics: relevance to reactive
oxygen species (ROS)-related neurodegenerative disorders? PLoS One (2013)
8(5):€64019. doi:10.1371/journal.pone.0064019

Godoy JA, Arrazola MS, Ordenes D, Silva-Alvarez C, Braidy N, Inestrosa NC.
Wnt-5a ligand modulates mitochondrial fission-fusion in rat hippocampal
neurons. ] Biol Chem (2014) 289(52):36179-93. d0i:10.1074/jbc.M114.557009
Cenini G, Riib C, Bruderek M, Voos W. Amyloid p-peptides interfere with
mitochondrial preprotein import competence by a coaggregation process. Mol
Biol Cell (2016) 27(21):3257-72. d0i:10.1091/mbc.E16-05-0313

Kim DI, Lee KH, Gabr AA, Choi GE, Kim JS, Ko SH, et al. -Induced Drp1
phosphorylation through Akt activation promotes excessive mitochon-
drial fission leading to neuronal apoptosis. Biochim Biophys Acta (2016)
1863(11):2820-34. doi:10.1016/j.bbamcr.2016.09.003

Shen HM, Lin Y, Choksi S, Tran J, Jin T, Chang L, et al. Essential roles of recep-
tor-interacting protein and TRAF2 in oxidative stress-induced cell death. Mol
Cell Biol (2004) 24(13):5914-22. doi:10.1128/MCB.24.13.5914-5922.2004

Li Z, Xu X, Leng X, He M, Wang J, Cheng S, et al. Roles of reactive oxygen
species in cell signaling pathways and immune responses to viral infections.
Arch Virol (2016). doi:10.1007/s00705-016-3130-2

Smolich BD, McMahon JA, McMahon AP, Papkoff J. Wnt family proteins
are secreted and associated with the cell surface. Mol Biol Cell (1993) 4(12):
1267-75. doi:10.1091/mbc.4.12.1267

Clevers H. Wnt/beta-catenin signaling in development and disease. Cell
(2006) 127(3):469-80. doi:10.1016/j.cell.2006.10.018

Arrézola MS, Silva-Alvarez C, Inestrosa NC. How the Wnt signling pathway
protects from neurodegeneration: the mitochondrial scenario. Front Cell
Neurosci (2015) 9:166. doi:10.3389/fncel.2015.00166

Alvarez AR, Godoy JA, Mullendorff K, Olivares GH, Bronfman M, Inestrosa
NC. Wnt-3a overcomes beta-amyloid toxicity in rat hippocampal neurons.
Exp Cell Res (2004) 297(1):186-96. d0i:10.1016/j.yexcr.2004.02.028

Chacén MA, Varela-Nallar L, Inestrosa NC. Frizzled-1 is involved in the
neuroprotective effect of Wnt3a against Af oligomers. J Cell Physiol (2008)
217(1):215-27. doi:10.1002/jcp.21497

Cerpa W, Farias GG, Godoy JA, Fuenzalida M, Bonansco C, Inestrosa
NC. Wnt-5a occludes AP oligomer-induced depression of glutamatergic
transmission in hippocampal neurons. Mol Neurodegener (2010) 5:3.
doi:10.1186/1750-1326-5-3

Cisternas P, Salazar P, Silva-Alvarez C, Barros LE, Inestrosa NC. Activation of
Wnt signaling in cortical neurons enhances glucose utilization through gly-
colysis. J Biol Chem (2016) 291(50):25950-64. doi:10.1074/jbc.M116.735373
Tapia-Rojas C, Burgos PV, Inestrosa NC. Inhibition of Wnt signaling induces
amyloidogenic processing of APP and the production and aggregation of AP
peptides. ] Neurochem (2016) 139(6):1175-91. doi:10.1111/jnc.13873

Willert K, Nusse R. Wnt proteins. Cold Spring Harb Perspect Biol (2012)
4(9):a007864. doi:10.1101/cshperspect.a007864

Clevers H, Nusse R. Wnt/B-catenin signaling and disease. Cell (2012)
149(6):1192-205. doi:10.1016/j.cell.2012.05.012

Liu CC, Tsai CW, Deak F, Rogers J, Penuliar M, Sung YM, et al. Deficiency
in LRP6-mediated Wnt signaling contributes to synaptic abnormalities
and amyloid pathology in Alzheimer’s disease. Neuron (2014) 84(1):63-77.
doi:10.1016/j.neuron.2014.08.048

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 187


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1128/MCB.01228-14
https://doi.org/10.1128/MCB.01228-14
https://doi.org/10.4049/jimmunol.
166.7.4713
https://doi.org/10.4049/jimmunol.
166.7.4713
https://doi.org/10.1038/82797
https://doi.org/10.1038/icb.2014.51
https://doi.org/10.1371/journal.pone.0149991
https://doi.org/10.1371/journal.pone.0149991
https://doi.org/10.1016/j.neo.2015.07.005
https://doi.org/10.1016/
j.phr.2016.07.038
https://doi.org/10.1016/
j.phr.2016.07.038
https://doi.org/10.1111/
j.1749-6632.2000.tb05554.x
https://doi.org/10.1111/
j.1749-6632.2000.tb05554.x
https://doi.org/10.1523/JNEUROSCI.3158-09.2009
https://doi.org/10.1111/j.1365-
2567.2009.03225.x
https://doi.org/10.1111/j.1365-
2567.2009.03225.x
https://doi.org/10.4049/jimmunol.1101121
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1186/s12974-015-0263-2
https://doi.org/10.1016/j.bbi.2016.07.143
https://doi.org/10.1016/0014-5793(91)80737-N
https://doi.org/10.1016/0006-8993(93)91327-O
https://doi.org/10.1016/0166-4328(95)00213-8
https://doi.org/10.7150/ijbs.4679
https://doi.org/10.1016/j.jneuroim.2015.04.014
https://doi.org/10.1016/j.neuint.2010.02.013
https://doi.org/10.1016/j.nurt.2010.05.014
https://doi.org/10.1155/2015/610813
https://doi.org/10.1002/glia.23074
https://doi.org/10.3233/JAD-160887
https://doi.org/10.2174/1567205013666151116125012
https://doi.org/10.2174/1567205013666151116125012
https://doi.org/10.1371/journal.pone.0064019
https://doi.org/10.1074/jbc.M114.557009
https://doi.org/10.1091/mbc.E16-05-0313
https://doi.org/10.1016/j.bbamcr.2016.09.003
https://doi.org/10.1128/MCB.24.13.5914-5922.2004
https://doi.org/10.1007/s00705-016-3130-2
https://doi.org/10.1091/mbc.4.12.1267
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.3389/fncel.2015.00166
https://doi.org/10.1016/j.yexcr.2004.02.028
https://doi.org/10.1002/jcp.21497
https://doi.org/10.1186/1750-1326-5-3
https://doi.org/10.1074/jbc.M116.735373
https://doi.org/10.1111/jnc.13873
https://doi.org/10.1101/cshperspect.a007864
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1016/j.neuron.2014.08.048

Zolezzi and Inestrosa

Wnt/TLR Cross Talk in Neuroinflammation

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Rosso SB, Sussman D, Wynshaw-Boris A, Salinas PC. Wnt signaling through
Dishevelled, Rac and JNK regulates dendritic development. Nat Neurosci
(2005) 8(1):34-42. doi:10.1038/nn1374

Inestrosa NC, Arenas E. Emerging roles of Wnts in the adult nervous system.
Nat Rev Neurosci (2010) 11(2):77-86. doi:10.1038/nrn2755

Essers MA, de Vries-Smits LM, Barker N, Polderman PE, Burgering BM,
Korswagen HC. Functional interaction between beta-catenin and FOXO in
oxidative stress signaling. Science (2005) 308(5725):1181-4. doi:10.1126/
science.1109083

ShiJ, Chi S, Xue J, Yang J, Li E, Liu X. Emerging role and therapeutic implica-
tion of Wnt signaling pathways in autoimmune diseases. J Immunol Res (2016)
2016:9392132. doi:10.1155/2016/9392132

Oderup C, LaJevic M, Butcher EC. Canonical and noncanonical Wnt
proteins program dendritic cell responses for tolerance. J Immunol (2013)
190(12):6126-34. doi:10.4049/jimmunol.1203002

Ma B, Fey M, Hottiger MO. WN'T/-catenin signaling inhibits CBP-mediated
RelA acetylation and expression of proinflammatory NF-kB target genes.
J Cell Sci (2015) 128(14):2430-6. doi:10.1242/jcs.168542

Dai W, Liu E Li C, Lu Y, Lu X, Du S, et al. Blockade of Wnt/B-Catenin
pathway aggravated silica-induced lung inflammation through Tregs regu-
lation on Th immune responses. Mediators Inflamm (2016) 2016:6235614.
doi:10.1155/2016/6235614

Li B, Zhong L, Yang X, Andersson T, Huang M, Tang SJ. WNT5A signaling
contributes to AB-induced neuroinflammation and neurotoxicity. PLoS One
(2011) 6(8):€22920. doi:10.1371/journal.pone.0022920

Zhao Y, Zhang C, Huang Y, Yu Y, Li R, Li M, et al. Up-regulated expression
of WNT5a increases inflammation and oxidative stress via PI3K/AKT/NF-kB
signaling in the granulosa cells of PCOS patients. ] Clin Endocrinol Metab
(2015) 100(1):201-11. doi:10.1210/jc.2014-2419

Halleskog C, Schulte G. WNT-3A and WNT-5A counteract lipopolysac-
charide-induced pro-inflammatory changes in mouse primary microglia.
J Neurochem (2013) 125(6):803-8. doi:10.1111/jnc.12250

Yu B, Chang J, Liu Y, Li J, Kevork K, Al-Hezaimi K, et al. Wnt4 signaling
prevents skeletal aging and inflammation by inhibiting nuclear factor-«B. Nat
Med (2014) 20(9):1009-17. doi:10.1038/nm.3586

Halleskog C, Mulder ], Dahlstrom J, Mackie K, Hortobagyi T, Tanila H,
et al. WNT signaling in activated microglia is proinflammatory. Glia (2011)
59(1):119-31. doi:10.1002/glia.21081

92.

93.

94.

95.

96.

97.

98.

99.

Yi H, Patel AK, Sodhi CP, Hackam DJ, Hackam AS. Novel role for the innate
immune receptor toll-like receptor 4 (TLR4) in the regulation of the Wnt
signaling pathway and photoreceptor apoptosis. PLoS One (2012) 7(5):e36560.
doi:10.1371/journal.pone.0036560

Trinath ], Holla S, Mahadik K, Prakhar P, Singh V, Balaji KN. The WNT signal-
ing pathway contributes to dectin-1-dependent inhibition of toll-like recep-
tor-induced inflammatory signature. Mol Cell Biol (2014) 34(23):4301-14.
doi:10.1128/MCB.00641-14

Ishitani T. Context-dependent dual and opposite roles of nemo-like kinase
in the Wnt/p-catenin signaling. Cell Cycle (2012) 11(9):1743-5. doi:10.4161/
cc.20183

Ota S, Ishitani S, Shimizu N, Matsumoto K, Itoh M, Ishitani T. NLK positively
regulates Wnt/B-catenin signaling by phosphorylating LEF1 in neural progen-
itor cells. EMBO J (2012) 31(8):1904-15. doi:10.1038/embo;j.2012.46

Ishitani T, Kishida S, Hyodo-Miura ], Ueno N, Yasuda J, Waterman M, et al.
The TAK1-NLK mitogen-activated protein kinase cascade functions in the
‘Wnt-5a/Ca(2+) pathway to antagonize Wnt/beta-catenin signaling. Mol Cell
Biol (2003) 23(1):131-9. d0i:10.1128/MCB.23.1.131-139.2003

Martin M, Rehani K, Jope RS, Michalek SM. Toll-like receptor-mediated
cytokine production is differentially regulated by glycogen synthase kinase 3.
Nat Immunol (2005) 6(8):777-84. doi:10.1038/ni1221

Xie X, Zhang D, Zhao B, Lu MK, You M, Condorelli G, et al. IkappaB kinase
epsilon and TANK-binding kinase 1 activate AKT by direct phosphorylation.
Proc Natl Acad Sci US A (2011) 108(16):6474-9. d0i:10.1073/pnas.1016132108
Li N, Zhang X, Dong H, Zhang S, Sun J, Qian Y. Lithium ameliorates LPS-
induced astrocytes activation partly via inhibition of toll-like receptor 4
expression. Cell Physiol Biochem (2016) 38(2):714-25. d0i:10.1159/000443028

Conflict of Interest Statement: The authors declare that this research was per-
formed in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Zolezzi and Inestrosa. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

10

February 2017 | Volume 8 | Article 187


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nn1374
https://doi.org/10.1038/nrn2755
https://doi.org/10.1126/science.1109083
https://doi.org/10.1126/science.1109083
https://doi.org/10.1155/2016/9392132
https://doi.org/10.4049/jimmunol.1203002
https://doi.org/10.1242/jcs.168542
https://doi.org/10.1155/2016/6235614
https://doi.org/10.1371/journal.pone.0022920
https://doi.org/10.1210/jc.2014-2419
https://doi.org/10.1111/jnc.12250
https://doi.org/10.1038/nm.3586
https://doi.org/10.1002/glia.21081
https://doi.org/10.1371/journal.pone.0036560
https://doi.org/10.1128/MCB.00641-14
https://doi.org/10.4161/cc.20183
https://doi.org/10.4161/cc.20183
https://doi.org/10.1038/emboj.2012.46
https://doi.org/10.1128/MCB.23.1.131-139.2003
https://doi.org/10.1038/ni1221
https://doi.org/10.1073/pnas.1016132108
https://doi.org/10.1159/000443028
http://creativecommons.org/licenses/by/4.0/

	Wnt/TLR Dialog in Neuroinflammation, Relevance in Alzheimer’s Disease
	Central Nervous System (CNS), Alzheimer’s Disease (AD), and the Immune Response: General Considerations
	AD and Neuroinflammation

	Toll-Like Receptors
	Aβ- and TLR-Mediated Immune/Inflammatory Response

	Wnt Signaling Pathway
	Wnt Signaling and TLR Cross Talk: Toward Neuroinflammatory Modulation
	Final Considerations
	Author Contributions
	Funding
	References


