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Uncontrolled immune response in the brain contributes to the progression of all
neurodegenerative disease, including Alzheimer’s disease (AD). Recent investigations
have documented the prion-like features of tau protein and the involvement of microglial
changes with tau pathology. While it is still unclear what sequence of events is causal,
it is likely that tau seeding potential and microglial contribution to tau propagation
act together, and are essential for the development and progression of degenerative
changes. Based on available evidence, targeting tau seeds and controlling some
signaling pathways in a complex inflammation process could represent a possible
new therapeutic approach for treating neurodegenerative diseases. Recent findings
propose novel diagnostic assays and markers that may be used together with standard
methods to complete and improve the diagnosis and classification of these diseases.
In conclusion, a novel perspective on microglia-tau relations reveals new issues to
investigate and imposes different approaches for developing therapeutic strategies
for AD.

Keywords: Alzheimer’s disease, blood-brain barrier, inflammation, microglia, neurodegeneration, tau protein
propagation

INTRODUCTION

The most common cause of dementia is Alzheimer’s disease (AD), a progressive neurodegenerative
disease that affects nearly 50 million people in the world. Histopathological features of AD
are extracellular amyloid-p (AP) plaques and intracellular aggregation of hyperphosphorylated
tau protein in a form of neurofibrillary tangles (NFTs; Braak and Braak, 1991a). The disease
is also characterized by loss of neurons and synapses and elevated levels of inflammatory
factors (Kinney et al, 2018). Many studies have shown the harmful effect of tau protein
oligomers and its potential to propagate through synaptically connected regions (Kfoury et al.,
2012; Liu et al, 2012; Plouffe et al., 2012; Smolek et al., 2019). Tau protein aggregation and
neurofibrillary lesions also show the highest correlation with the clinical symptoms of the disease
(Arriagada et al., 1992; Bierer et al., 1995). As such, tau protein aggregation, neurofibrillary
lesions, and cytoskeletal abnormalities are considered to be a central pathogenetic mechanism
of AD (Simi¢ et al., 1998) important for its progressive nature (Clavaguera et al., 2009; Simic
et al.,, 2017). Inflammation is another crucial factor that can contribute to disease progression.
Neuroinflammation occurs in many neurodegenerative diseases, including AD. Several studies
confirmed elevated levels of pro-inflammatory cytokines and stronger microglial activation
during disease progression (Griffin et al,, 1989; Lanzrein et al., 1998; Minghetti, 2005). For
example, we observed Ibal-expressing microglia to be present in various stages of activation
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FIGURE 1 | Immunocytochemical expression of the Iba1 marker visualizes
the morphology of microglia. lllustrative examples of Ibai-expressing
microglia in various stages of activation in the adult Wistar rat brain 3 days
after inoculation of 4 g of preformed synthetic tau fibrils (gift of Dr. Rakez
Kayed, Galveston, TX, USA) into the entorhinal cortex. (A) Hippocampus
(CA1), (B) entorhinal cortex, (C) activated microglia, (D) resting microglia.
Scale bars (A,B) 100 um, (C,D) 50 um.

in the rat brain after inoculation of synthetic tau fibrils (Figure 1).
Activated microglia have been found near NFT-bearing neurons
(Sheffield et al., 2000). There is also a better correlation between
numbers of activated microglia and NFT than between microglial
cells’ activation and amyloid plaques distribution (Serrano-Pozo
et al,, 2011). Several lines of evidence suggest that inflammation
may even precede the development of tau pathology (Yoshiyama
et al., 2007; Denver and McClean, 2018). Therefore, controlling
the components in a complex inflammatory process represents
a new possible therapeutic approach for neurodegenerative
diseases (for review see Simic et al., 2019).

MICROGLIAL CELLS

Microglial cells are a population of brain myeloid cells that
represent a part of the innate immunity system. Myeloid cells
arise from the yolk sac and colonize the central nervous system
(CNS) during early embryonic development. Their appropriate
response is crucial for maintaining homeostasis and to carry
out the immune response in the CNS (Ginhoux et al., 2013).
Innate and adaptive immunity are the two main components of
the immune response in the human body. Innate immunity is
a general response, recognizing pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) through pattern recognition receptors (PRRs). In
contrast, the adaptive immune response is based on the
recognition of specific antigen components and acts against a
specific pathogen. Adaptive immunity includes the formation
of specific antibodies and involves memory cells to eliminate
pathogens more efficiently upon recurrence after first exposure
(Medzhitov, 2007). Based on specific gene expression microglial
cells can be divided into three groups, early, pre-microglia,

and adult microglia (Matcovitch-Natan et al., 2016). Microglial
cells have different functions depending on their micro- and
macro-environment or their developmental stage (Lavin et al,,
2014; Matcovitch-Natan et al., 2016). Although, their role as
immune agents during pathological conditions is still a matter
of debate, microglial cells also play a key role during brain
development. Through their phagocytic activity, they control
the formation and depletion of the synapses, which is crucial
for normal brain development. It has been suggested that
synaptic pruning can be regulated by the chemokine receptor
fractalkine (CX3CR1) expressed on microglia. In mouse model
lacking CX3CR1, synaptic pruning was reduced, which led to
the formation of immature brain and synapses (Paolicelli et al.,
2011; Hoshiko et al., 2012). Furthermore, it appears that the
CX3CR1/CX3CL1 complex has also a neuroprotective effect
while lacking either fractalkine (CX3CL1) or its receptor leads
to neurodegeneration. Elevated microglia cell activation and
neuronal loss have been also noticed in SOD1G93A/CX3CR1~/~
mice (Liu et al., 2019). One study showed that microglia
can regulate the number of neural precursor cells in the
developing brain. These authors suggested that the number or
activation state of microglia affect the precursor cells number
and concluded that any factor that can change the number or
activation state of microglia can affect neural development as well
as behavioral outcomes (Cunningham et al., 2013). Depletion
of the synapses is complement-dependent and it is mediated by
complement receptor 3 (CR3) together with neuronal activity
(Schafer et al, 2012). By releasing specific mediators that
promote cell genesis, health, and dendritic growth, microglia has
additional beneficial roles too (Lenz and Nelson, 2018).

In the mature brain, microglia play an important role as the
main immune agents. Under physiological conditions, microglial
cells are in the resting state, but they actively survey the
brain parenchyma with motile processes (Nimmerjahn et al.,
2005). In this state, microglia are sensitive to a wide range
of stimuli like injury, toxins, pathogens, misfolded proteins,
and damaged neurons (von Bernhardi et al, 2015). Similar
to the polarization of macrophages in peripheral organs, it
was proposed that microglia differentiate into two different
phenotypes depending on their extracellular environment
(Michelucci et al, 2009). The M1 or pro-inflammatory
phenotype releases inflammatory mediators such as interleukin
1-B (IL-1B), tumor necrosis factor-a (TNF-a), nitric oxide (NO),
reactive oxygen species (ROS), proteases, and many others
in order to eliminate the potential pathogens. In contrast,
the M2 phenotype is considered neuroprotective due to its
phagocytic activity and anti-inflammatory effect. M2 microglia
support tissue repair, reconstruction of extracellular matrix, and
releases anti-inflammatory cytokines, which together promote
a homeostatic environment (von Bernhardi et al.,, 2015; Tang
and Le, 2016). Although the M1/M2 model is widely adopted,
a recent study proposed a different perspective relating to
the microglia disease phenotype (Keren-Shaul et al, 2017).
Single-cell RNA sequencing of microglia cells from human
AD brain and 5xFAD mice identified a unique subtype of
microglia, called disease-associated microglia (DAM) that is
characterized by a specific gene expression profile. These
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authors found elevated expression of some AD-related genes
but decreased expression of some genes normally expressed
in homeostatic microglia. Two stages in DAM activation were
suggested, a triggering receptor expressed on myeloid cells 2
(TREM2) independent stage followed by TREM2-dependent
activation (Keren-Shaul et al.,, 2017). Similar to the M1/M2,
another study proposed the existence of pro-inflammatory and
anti-inflammatory DAM phenotypes and the potential benefits
of suppressing pro-inflammatory DAM (Rangaraju et al., 2018).

INFLAMMATION IN AD

Neuroinflammation occurs in most neurodegenerative diseases
(for review see Stephenson et al., 2018). Even though activation
of microglial cells should be protective in the short-term, under
altered conditions microglia sometimes promote continuous
inflammation and oxidative stress which defeats homeostasis
(Minghetti, 2005; Sardi et al, 2011; von Bernhardi et al,
2015; Jiang et al, 2019). In AD, microglia are supposed to
be in an continuously activated state due to AP or some
other extra- or intracellular product(s) of APP metabolism
as well as due to neurofibrillary changes (Bellucci et al,
2004; Sasaki et al, 2008; Serrano-Pozo et al, 2011; Appel
et al, 2014; Kametani and Hasegawa, 2018). A consequence
of severe and constant microglial activation is the excessive
production of pro-inflammatory mediators that creates a
cytotoxic environment. Overactive microglia are associated with
neuronal loss and decline of cognitive functions (Cagnin et al.,
2001; Qin et al., 2002). It seems that the overproduction of ROS
contributes the most to the deleterious effects of inflammation.
Oxidative stress further induces production of pro-inflammatory
cytokines consequently creating a vicious cycle that results in
neurodegeneration (Wu et al., 2016). One study showed that
microglia activation by AP could suppress cell proliferation
and promote apoptosis of neural stem cells due to oxidative
stress (Jiang et al., 2016a). In another study the same group
demonstrated that activated microglia could release NO and
pro-inflammatory cytokines that increased ROS levels and
induced oxidative stress injury in dopaminergic neurons (Jiang
et al,, 2019), suggesting that harmful effects of inflammation
cannot be ignored when considering potential therapeutic
approaches for neurodegenerative diseases. Peripheral immune
cells infiltrate the brain during neurodegeneration (Zilka et al.,
2009; Sardi et al., 2011). The detrimental effect of inflammation
contributes to the disruption of the blood-brain barrier in AD
(Sardi et al., 2011). Therefore, a greater influx of the peripheral
immune cells can occur. Although what the effects of these
peripheral immune cells might be is not completely clear, it has
been proposed that these cells further exacerbate inflammation
(Sardi et al., 2011), while others have argued that there may
be beneficial effects of the peripheral cells influx (Dionisio-
Santos et al., 2019). In this context, it is interesting to note that
the beneficial effect of non-steroidal anti-inflammatory drugs
(NSAID) on AD incidence has been noted early in in t" Veld
et al. (2001) and Zandi et al. (2002). Apart from human studies
in animal models, it has been documented that neurotrophin
treatment caused a decrease in pro-inflammatory cytokines IL-

18 IL-6 (TNF-a), elevation of brain-derived neurotrophic factor
(BDNF), and less cognitive impairment, AP deposition, and
microglial activation (Fang et al., 2019). Interferon-pla (IFNf1a)
is largely used to attenuate the progression of multiple sclerosis
and its anti-inflammatory effect could be beneficial also for AD
patients. In an AD rat model, treatment with IFNB1a improved
memory impairment and decreased inflammation and ROS
production (Mudo et al., 2019). Such possible interventions have
not yet been tested in AD patients.

PROPAGATION OF TAU PROTEIN

Tau protein is mainly expressed in neurons and is essential
for microtubule assembly and stabilization of the cytoskeleton
(Weingarten et al,, 1975). Tau is encoded by the MAPT gene
and different RNA splicing can produce six tau isoforms
in the human brain. Isoforms of tau have either three or
four microtubule-binding repeats (Neve et al., 1986; Goedert
etal., 1989). Phosphorylation is one of the main posttranslational
changes of tau and is crucial for the regulation of tau
functions as it can reduce its ability to bind to microtubules
(Lindwall and Cole, 1984). Therefore, only the correct pattern
of tau phosphorylation can be effective. It was proposed that
hyperphosphorylation can cause abnormal folding of tau. This
is also supported by in vitro findings, where we showed
that exhaustive tau phosphorylation is either not essential for
the stability of the putative tau oligomer once it is formed,
or is necessary for initial oligomer formation (Boban et al.,
2019). Once formed, tau oligomers can be stable even upon
dephosphorylation (Boban et al, 2019), but misfolded tau
is not able to stabilize microtubules properly, consequently
causing its degradation and intracellular self-aggregation. Thus,
the accumulation of abnormally phosphorylated tau is one
of the earliest changes in the process of NFT formation
(Bancher et al., 1989; Braak et al.,, 1994; Simic et al., 2016).
Because of the positive correlation between NFT formation
and loss of cognitive function (Arriagada et al., 1992; Bierer
et al., 1995) and the specific patterns of disease progression,
the disease is usually described in terms of the Braak and
Braak stages. This topographic progression of the disease
is classified into six stages. The first two stages are called
transentorhinal because of the progression from the entorhinal
region to the hippocampal formation. Further, in stages III and
IV, the disease spreads to the temporal, frontal and parietal
neocortex and finally, in late stages V and VI, sensory and
motor areas of the neocortex are affected (Braak and Braak,
1991b). The pathogenic spread hypothesis can explain the
characteristic spread of tau, but alternative mechanisms about
selective vulnerability should also be considered (Walsh and
Selkoe, 2016). Both mechanisms may be acting together and
contribute to spatial distribution of protein aggregates. The
concept of selective neuronal vulnerability refers to a situation
where certain neurons are more vulnerable than others to
pathogenic processes that cause the misfolding and aggregation
of tau proteins. This is perhaps determined by biochemical,
genomic, connectomic, electrophysiological, and morphological
properties of vulnerable neurons (Simic et al., 2017, 2019) and
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region-specific microenvironments (Jackson, 2014). There are
other possible reasons for vulnerability due to differential protein
expression: for example, in regions that are always affected
by tau pathology, elevated expression of some proteins that
co-aggregate with tau and Af, with lower expression of proteins
that can prevent aggregation of tau and AP has been observed,
when compared to regions less susceptible to the disease (Freer
et al., 2016). Recent evidence suggests that abnormal forms
of tau proteins appear in a small number of neurons and
propagate to other regions inducing disease progression in a
prion-like manner (Clavaguera et al, 2009; Hall and Patuto,
2012; Walker and Jucker, 2015). Prions, or proteinaceous
infectious particles, represent the misfolded prion protein that
causes several neurological diseases known as transmissible
spongiform encephalopathies (Prusiner, 1982, 2013). Prions are
considered infectious due to their potential to induce misfolding
of normally folded PrP molecules in neighboring cells. It is likely
that prions are transmitted between cells through synaptic or
vesicular transport (Aguzzi and Rajendran, 2009). Until recently,
it was believed that only cell-autonomous mechanisms are
responsible for sporadic neurodegenerative disease development.
Cell-autonomous mechanisms imply that protein aggregation
emerges independently in several cells. It has however been
shown that first local inclusion propagates towards healthy
cells via non-cell-autonomous mechanisms, which leads to
degeneration (Goedert et al.,, 2017). For pathogenic spread of
tau proteins there are few initial steps that have to occur.
It has been proposed that initially a tau-competent monomer
is formed. This means that such specific conformation of
monomer is competent to assemble into nuclei, a supposedly
rate-limiting stage for the rapid growth of tau fibrils. Elongation
of the tau-competent conformers or fragmentation of tau
aggregates/fibrils may produce short fragments (“seeds”), which
are able to act as templates and thus recruit native tau
monomers to rapid growth of tau aggregates (Figure 2A), thus
skipping a long early, rate-limiting, stage (Nizynski et al., 2017).
There are many experimental animal and in vitro studies that
describe the trans-synaptic spread of tau along anatomically
connected brain regions. One study demonstrated this kind
of propagation in transgenic mice that differentially express
pathological human tau in the entorhinal cortex (Liu et al., 2012).
Furthermore, injection of insoluble tau isolated from human
AD brain induces neurofibrillary pathology in rats expressing
non-mutated truncated tau (Smolek et al., 2019), as well as
in several non-transgenic mouse models (Clavaguera et al,
2013; Boluda et al., 2015; Guo et al., 2016; Gibbons et al,
2017; Narasimhan et al., 2017). When protein aggregates were
injected into specific mouse brain region pathology progressed
only into brain regions synaptically connected to the injected
site, leaving the closer but unconnected neurons unaffected
(Clavaguera et al., 2013). In vitro studies also support the
prion-like feature of tau (Kfoury et al., 2012; Plouffe et al., 2012).
Using an ultrasensitive FRET-based flow cytometry biosensor
assay, tau seeding was detected 4 weeks earlier than other
pathological tau species, marked with common histological
markers in P301S mouse (Holmes et al., 2014). The same
technology detected tau seeding activity in some regions that

usually lack pathological tau detected with histological markers
in human postmortem AD brains. The majority of Braak stage
1 samples had seeding activity in the hippocampus and some of
them in some neocortical regions although histological markers
of tau pathology are limited to the entorhinal cortex in stage
1. Tau seeding was found frequently in frontal and parietal
lobes of stage 2 cases, where tau pathology is generally restricted
to the limbic system. Some stage 3 samples exhibited tau
seeding even in the cerebellum which is not typically affected
by tau pathology. This suggests that seeding activity precedes
other histological markers of pathological tau and could be
the earliest indication of tau pathology. This assay may thus
be used together with standard neuropathological methods to
refine the classification of tauopathies (Furman et al., 2017). To
test whether there is a direct trans-synaptic spread of protein
aggregates we need to restrict aggregated protein expression to
one regional population of neurons and demonstrate conversion
of natively folded tau protein in synaptically connected neurons.
Hyperphosphorylation and misfolding of tau can enhance
neuronal tau uptake (Takeda et al., 2015; Simic et al., 2016).
Takeda et al. (2015) detected soluble phosphorylated high-
molecular-weight (HMW) tau species as tau with the greatest
ability to propagate in a prion-like manner. Using differential
centrifugation and size-exclusion chromatography they isolated
propagating tau and then assessed its uptake. Tau uptake was
present only in neurons treated with extracts that contained
HMW tau. Further characterization revealed small amounts
of HMW tau in those extracts and only small globular tau
aggregates in HMW tau fraction (Takeda et al, 2015). Tau
from brain intestinal fluid (ISF) and cerebrospinal fluid (CSF)
of mouse model applied on the cell culture is taken up by
neurons where it can promote the formation of intracellular
aggregates. As the CSF from AD patients also contains HMW
tau, these results provide evidence that extracellular tau from
the diseased brain can be bioactive and that HMW tau
has a major seeding potential because even small amounts
of bioactive HMW tau can promote its further propagation
(Takeda et al, 2015, 2016). Can be taken up by neurons
in culture.

TAU RELEASE VIA EXOSOMES

The prion-like hypothesis of tau transmission proposes that
misfolded tau acts as a seed causing further misfolding of
proteins inside healthy cells, implying that tau needs to be
released outside of the cells. Tau released in the ISF can induce
stronger microglial activation which in turn may promote the
propagation of tau pathology. It is well known that the CSF
levels of tau are elevated in AD patients (Zetterberg and Blennow,
2013; Babic et al,, 2014; Blennow et al., 2015; Babic Leko et al,,
2018), and this was also confirmed in tau transgenic mice model
(Barten et al., 2011). One study detected tau in the ISF of
wild-type mice, suggesting that tau is released into the ISF under
normal conditions (Yamada et al., 2011). These investigators
also tested tau levels in P301S transgenic mice. Tau levels were
approximately 5-fold higher in P301S brain than in wild-type and
similar differences were observed in ISF tau levels. This results
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FIGURE 2 | Schematic representation of Panel (A). Tau seeds formation (based on Nizynski et al., 2017). (B) NLRP3 inflammasome activation (based on data by
Stancu et al., 2019), and (C) microglia releasing tau seeds in exosomes (based on Hopp et al., 2018). AB, amyloid B; ASC, apoptosis-associated speck-like protein
containing a C-terminal caspase recruitment domain (CARD); DAMPs, damage-associated molecular patterns; mtROS, mitochondrial reactive oxygen species
(ROS); NLRP3, NACHT, LRR and PYD domains-containing protein 3; PAMPs, pathogen-associated molecular patterns; TLR, toll-like receptor. See text for details.

proved that intracellular and extracellular tau levels are related
(Yamada et al.,, 2011) and even though tau is predominantly a
cytosolic protein, it can be actively secreted outside of the cell.
Tau does not have a signal peptide for the secretory pathway,

which means it cannot be released through the endoplasmic
reticulum (ER)-Golgi secretory pathway. Several studies have
proposed possible mechanisms of tau release and uptake. Some
mentioned tau can be secreted via unconventional secretory
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pathways like other proteins lacking signal peptides (Rabouille
et al.,, 2012; Katsinelos et al., 2018). One of the mechanisms
described is tau secretion via exosomes. This mechanism was
demonstrated in cell cultures in vitro such as M1C (Saman et al.,
2012), N2a, and also in primary neurons (Wang et al.,, 2017).
Exosome release is regulated by cell activity and depolarization of
neurons promotes the release of tau-containing exosomes. Also,
another study showed that synaptic connection is crucial for tau
transmission via exosomes (Wang et al., 2017) which supports
the possibility that synaptic connections are the main factor
that influences the specific way of tau spreading and disease
progression across brain regions. Exosomes isolated from the
CSF of AD patients and control subjects contain tau (Saman
et al,, 2012; Wang et al., 2017). It is interesting that exosomes
from AD and control CSF can promote aggregation of tau
protein in cultured cells. Exosomes from AD patients induces
slightly higher, yet statistically not significant, aggregation (Wang
et al, 2017). Based on exosomes-associated tau presence in
the CSF it is of interest to examine the diagnostic potential
of CSF exosomes. Levels of blood exosomal tau are higher in
AD patients than in control subjects (Fiandaca et al., 2015).
Higher sensitivity and therefore better diagnostic potential of
exosomal tau was reported compared to statistically significant
tau levels evaluated only from fluid-phase. More importantly,
elevated exosomal levels of tau, together with AP;_4, levels were
detected up to 10 years prior to clinical diagnosis (Fiandaca
etal., 2015). Exosomes and other extracellular vesicles, therefore,
represent potential new biomarkers for AD and could help
predict the course of the disease (Fiandaca et al, 2015).
As it stands, we are still lacking standardized protocols for
isolation or characterization of extracellular vesicles for clinical
purpose (Gamez-Valero et al., 2019).

MICROGLIA-TAU RELATIONSHIPS

It is well known that tau can mediate an inflammatory response
in neurodegenerative disease. Many studies show microglial
activation upon tau pathology (Bellucci et al., 2004; Sasaki et al.,
2008; Zilka et al., 2009, 2012). Activated microglia were found
near NFT-bearing neurons (Sheffield et al., 2000). Also, there is
a better correlation between the number of activated microglia
and NFT than between glial activation and plaques distribution
(Serrano-Pozo et al, 2011). In a transgenic rat model,
reactive microglia were associated with neurofibrillary changes
and was absent within regions with smaller neurofibrillary
degeneration (Zilka et al., 2009). It was recently hypothesized that
inflammation even precedes the development of tau pathology
(Sheftield et al., 2000; Yoshiyama et al., 2007; Ghosh et al,
2013). In a mouse model of tauopathy, microglial activation and
synaptic pathology were identified as the earliest manifestations
of neurodegeneration. These authors suggested that activated
microglia exacerbate tau pathology by damaging dendrites and
axons. This study also provided evidence that inhibition of
the inflammatory response may ameliorate consequences of
tau pathology (Yoshiyama et al., 2007). Experiments in various
transgenic mice models demonstrated the importance of proper
microglial response in maintaining healthy brain environment.

High levels of pro-inflammatory cytokine IL-1 exacerbate tau
phosphorylation (Li et al.,, 2003; Ghosh et al., 2013). Elevated
tau phosphorylation and aggregation were noticed in the absence
of TREM2 or fractalkine receptor (Bhaskar et al., 2010; Maphis
etal., 2015; Bemiller et al., 2017). Tau binding to CX3CRI initiate
its uptake and absence of CX3CR1 resulted in altered uptake and
degradation of tau by microglia. It is proposed that tau competes
with CX3CL1 to bind to this receptor (Bolds et al., 2017).
Overexpression of TREM2 improves cognitive impairments,
attenuates synapse loss and tau hyperphosphorylation (Jiang
etal., 2016b). Another interesting study shows the different effect
of partial and complete depletion of TREM2 on the progression
of tau pathology, pointing out worse outcome in the case of
partial TREM2 depletion (Sayed et al., 2018). These studies
emphasize the importance of TREM2 and CX3CRI signaling
pathways in regulating microglial response and tau pathology.
Controlling those signaling pathways outlines possible future
therapeutic strategies. Furthermore, inflammatory factors from
microglia cells cause upregulation of tau protein in vitro.
Interestingly, microglia pretreated with NSAID attenuated
tau overexpression (Lee et al, 2015). Microglia can actively
phagocytize tau (Asai et al., 2015; Bolds et al, 2015; Luo
et al, 2015; Hopp et al,, 2018). Depending on tau isoform
or microglial response, internalized tau can be processed in
different ways. Microglia-mediated degradation of tau can be
enhanced by an anti-tau monoclonal antibody (Luo et al., 2015).
Moreover, if microglia fail to process tau completely into a
non-toxic form, tau seeds can be released within exosomes
making microglia competent to promote tau seeding in adjacent
cells (Figure 2C; Hopp et al.,, 2018). Asai et al. (2015) tested the
role of microglia in tau propagation in vitro and in vivo. AT8 and
PHF1 tau colocalized within hippocampal Ibal-expressing
microglia, which convincingly demonstrate microglial uptake of
tau (Asai et al., 2015). In vitro test supported this conclusion,
showing more efficient phagocytic activity by microglia when
compared to neurons and astroglia (Asai et al., 2015). Activation
of microglia also induced tau ubiquitination (modification
important for exosomal incorporation of tau) and secretion of
exosomal tau. An exosomal fraction from microglia applied on
pyramidal neurons in culture or injected in the mouse brain
caused neuronal uptake of exosome derived tau. Finally, it has
been demonstrated that depletion of microglia and inhibition
of exosome synthesis reduce tau propagation in vitro and
in vivo (Asai et al., 2015).

TAU SEEDS INDUCE INFLAMMASOME
ACTIVATION

A recent study revealed one possible molecular mechanism
that can explain noticed microglial changes in response to tau
pathology and microglial contribution to tau propagation
(Figure 2B; Stancu et al., 2019). Aggregated tau acting
as prion-like seeds activate NLRP3-ASC inflammasome.
Nod-like receptors (NLR) are one of the sensors important for
activation of innate immune response. Molecular binding to
NLRP3 induces the formation of ASC heteromer which further
causes microglial activation and elevation of pro-inflammatory
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cytokine production. Stancu et al. (2019) propose that activation
of NLRP3-ASC inflammasome follows microglial uptake
of tau, therefore in such way inflammasome activation can
promote further exogenously and non-exogenously tau seeded
pathology. In ASC deficient microglia, tau-induced IL-1f
secretion was blocked and in mice lacking ASC, tau pathology
was significantly reduced compared with mice expressing ASC.
Using NLRP3 inhibitor MCC950, they also confirmed ASC
formation is dependent on NLRP3 activation (Stancu et al.,
2019). Prior research by Franklin et al. (2014) revealed that ASC
accumulates outside of the cells consequently inducing further
IL-1f elevation. In addition, microglial uptake of ASC causes
its activation, but it also can promote damage inside the cells.
Based on these observations, it appears that the inflammasome
can be activated in neighboring cells not just because of the tau
seeds but also because of extracellular ASC heteromer uptake
which creates a vicious cycle promoting constant microglial
activation and severe inflammation that spreads within affected
areas (Franklin et al., 2014; Stancu et al., 2019).

CONCLUSIONS

The harmful effect of tau protein oligomers and its potential
to propagate through synaptically connected regions has been
well established by recent evidence, along with microglial
changes in close vicinity of tau pathology. Uncontrolled
microglial response in the brain contributes to the progression
of many neurodegenerative diseases and several lines of
evidence suggest that inflammation may even precede the
development of tau pathology in AD. Exosomes could be
an important link between tau propagation and microglial
activation. Reduction of microglial cells number and exosome
synthesis inhibition reduces tau propagation (Asai et al,
2015). Further, phagocytosed tau seeds induce inflammasome
activation inside microglia causing overactive microglia state.
That could be one of the mechanisms that promote the
constant inflammatory response in AD. Based on the recent
results presented in this mini-review, we concluded that seeding

REFERENCES

Aguzzi, A., and Rajendran, L. (2009). The transcellular spread of cytosolic
amyloids, prions and prionoids. Neuron 64, 783-790. doi: 10.1016/j.neuron.
2009.12.016

Appel, S., Beers, D., and Zhao, W. (2014). Role of inflammation in
neurodegenerative diseases. Neurobiol. Brain Dis. 380-395. doi: 10.1016/B978-
0-12-398270-4.00025-2

Arriagada, P. V., Growdon, J. H., Hedley-Whyte, E. T., and Hyman, B. T. (1992).
Neurofibrillary tangles but not senile plaques parallel duration and severity of
Alzheimer’s disease. Neurology 42, 631-639. doi: 10.1212/wnl.42.3.631

Asai, H., Ikezu, S., Tsunoda, S., Medalla, M., Luebke, J., Haydar, T., et al.
(2015). Depletion of microglia and inhibition of exosome synthesis halt tau
propagation. Nat. Neurosci. 18, 1584-1593. doi: 10.1038/nn.4132

Babic, M., SvobStrac, D., Miick-Seler, D., Pivac, N., Stanic, G., Hof, P. R,, et al.
(2014). Update on the core and developing cerebrospinal fluid biomarkers for
Alzheimer’s disease. Croat. Med. ]. 55, 347-365. doi: 10.3325/cmj.2014.55.347

Babic Leko, M., Willumsen, N., Nikolac Perkovi¢, M., Klepac, N., Borovecki, F.,
Hof, P. R, et al. (2018). Association of MAPT haplotype-tagging

potential of tau protein and microglial activation are probably
acting together and contribute to tau propagation, which
could be crucial for the development and progression of
degenerative changes. In conclusion, a novel perspective on
microglia-tau relations reveals new issues to investigate and
imposes different approaches for developing therapeutic and
preventative strategies.

ETHICS STATEMENT

All animal experiments were conducted according to the
Principles of Laboratory Animal Care and ARRIVE guidelines!,
with the approval of the Ethical Committee of the University
of Zagreb Faculty of Science (EP 02/2015 from 15th August
2015) and in accordance with relevant laws (Animal Welfare
Law 135/06 and 37/13) and regulations of the The Ministry of
Agriculture of The Republic of Croatia (approval no. NP-999/15-
01/15) from 12th October 2015).

AUTHOR CONTRIBUTIONS

GS conceived the manuscript. All authors edited the drafts of
the manuscript.

FUNDING

This work was supported by the Croatian Science Foundation
(project “Tau protein hyperphosphorylation, aggregation and
trans-synaptic transfer in AD: CSF analysis and assessment of
potential neuroprotective compounds” GA IP-2014-09-9730)
and the Scientific Centre of Excellence for Basic, Clinical and
Translational Neuroscience (project “Experimental and clinical
research of hypoxic-ischemic damage in perinatal and adult
brain” GA KKO01.1.1.01.0007 funded by the European Union
through the European Regional Development Fund), and in part
by NIH grant P50 AG005138.

1http://www.nc3rs.0rg.uk/page.asp?id:1357

polymorphisms with cerebrospinal fluid biomarkers of Alzheimer’s
disease: a preliminary study in a Croatian cohort. Brain Behav. 8:e01128.
doi: 10.1002/brb3.1128

Bancher, C., Brunner, C., Lassmann, H., Budka, H., Jellinger, K., Wiche, G.,
et al. (1989). Accumulation of abnormally phosphorylated tau precedes the
formation of neurofibrillary tangles in Alzheimer’s disease. Brain Res. 477,
90-99. doi: 10.1016/0006-8993(89)91396-6

Barten, D. M., Cadelina, G. W., Hoque, N., DeCarr, L. B., Guss, V. L., Yang, L., et al.
(2011). Tau transgenic mice as models for cerebrospinal fluid tau biomarkers.
J. Alzheimers Dis. 24, 127-141. doi: 10.3233/JAD-2011-110161

Bellucci, A., Westwood, A. J., Ingram, E., Casamenti, F., Goedert, M.,
and Spillantini, M. G. (2004). Induction of inflammatory mediators
and microglial activation in mice transgenic for mutant human P301S
tau protein. Am. J. Pathol. 165, 1643-1652. doi: 10.1016/s0002-9440(10)
63421-9

Bemiller, S. M., McCray, T. J., Allan, K., Formica, S. V., Xu, G., Wilson, G., et al.
(2017). TREM2 deficiency exacerbates tau pathology through dysregulated
kinase signaling in a mouse model of tauopathy. Mol. Neurodegener. 12:74.
doi: 10.1186/513024-017-0216-6

Frontiers in Aging Neuroscience | www.frontiersin.org

October 2019 | Volume 11 | Article 271


http://www.nc3rs.org.uk/page.asp?id=1357
https://doi.org/10.1016/j.neuron.2009.12.016
https://doi.org/10.1016/j.neuron.2009.12.016
https://doi.org/10.1016/B978-0-12-398270-4.00025-2
https://doi.org/10.1016/B978-0-12-398270-4.00025-2
https://doi.org/10.1212/wnl.42.3.631
https://doi.org/10.1038/nn.4132
https://doi.org/10.3325/cmj.2014.55.347
https://doi.org/10.1002/brb3.1128
https://doi.org/10.1016/0006-8993(89)91396-6
https://doi.org/10.3233/JAD-2011-110161
https://doi.org/10.1016/s0002-9440(10)63421-9
https://doi.org/10.1016/s0002-9440(10)63421-9
https://doi.org/10.1186/s13024-017-0216-6
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

épanic’ et al.

Microglia and Tau Propagation

Bhaskar, K., Konerth, M., Kokiko-Cochran, O. N., Cardona, A., Ransohoff, R. M.,
and Lamb, B. T. (2010). Regulation of tau pathology by the microglial
fractalkine receptor. Neuron 68, 19-31. doi: 10.1016/j.neuron.2010.08.023

Bierer, L. M., Patrick, R., Schmeidler, J., Perl, D. P., and Carlin, L. (1995).
Neocortical neurofibrillary tangles correlate with dementia severity in
Alzheimer’s disease. Arch. Neurol. 52, 81-88. doi: 10.1001/archneur.1995.
00540250089017

Blennow, K., Dubois, B., Fagan, A. M., Lewczuk, P., de Leon, M. J., and Hampel, H.
(2015). Clinical utility of cerebrospinal fluid biomarkers in the diagnosis of
early Alzheimer’s disease. Alzheimers Dement. 11, 58-69. doi: 10.1016/j.jalz.
2014.02.004

Boban, M., Babi¢ Leko, M., Miski¢, T., Hof, P. R, and Simi¢, G. (2019).
Human neuroblastoma SH-SY5Y cells treated with okadaic acid express
phosphorylated high molecular weight tau-immunoreactive protein species.
J. Neurosci. Methods 319, 60-68. doi: 10.1016/j.jneumeth.2018.09.030

Bolds, M., Llorens-Martin, M., Jurado-Arjona, J., Hernandez, F., Rabano, A., and
Avila, J. (2015). Direct evidence of internalization of tau by microglia in vitro
and in vivo. J. Alzheimers Dis. 50, 77-87. doi: 10.3233/JAD-150704

Bolés, M., Llorens-Martin, M., Perea, J. R., Jurado-Arjona, J., Rébano, A,
Hernandez, F., et al. (2017). Absence of CX3CR1 impairs the internalization
of tau by microglia. Mol. Neurodegener. 12:59. doi: 10.1186/s13024-017
-0200-1

Boluda, S., Iba, M., Zhang, B., Raible, K. M., Lee, V. M.-Y., and Trojanowski, J. Q.
(2015). Differential induction and spread of tau pathology in young PS19 tau
transgenic mice following intracerebral injections of pathological tau from
Alzheimer’s disease or corticobasal degeneration brains. Acta Neuropathol. 129,
221-237. doi: 10.1007/s00401-014-1373-0

Braak, H., and Braak, E. (1991a). Demonstration of amyloid deposits and
neurofibrillary changes in whole brain sections. Brain Pathol. 1, 213-216.
doi: 10.1111/.1750-3639.1991.tb00661.x

Braak, H., and Braak, E. (1991b). Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol. 82, 239-259. doi: 10.1007/bf00308809

Braak, E., Braak, H., and Mandelkow, E. (1994). A sequence of cytoskeleton
changes related to the formation of neurofibrillary tangles and neuropil threads.
Acta Neuropathol. 87, 554-567. doi: 10.1007/bf00293315

Cagnin, A., Brooks, D. ], Kennedy, A. M. Gunn, R. N, Myers, R,
Turkheimer, F. E,, et al. (2001). in vivo measurement of activated microglia in
dementia. Lancet 358, 461-467. doi: 10.1016/S0140-6736(01)05625-2

Clavaguera, F., Akatsu, H., Fraser, G., Crowther, R. A., Frank, S., Hench, J., et al.
(2013). Brain homogenates from human tauopathies induce tau inclusions in
mouse brain. Proc. Natl. Acad. Sci. U S A 110, 9535-9540. doi: 10.1073/pnas.
1301175110

Clavaguera, F., Bolmont, T., Crowther, R. A., Abramowski, D., Frank, S,
Probst, A, et al. (2009). Transmission and spreading of tauopathy in transgenic
mouse brain. Nat. Cell Biol. 11, 909-913. doi: 10.1038/ncb1901

Cunningham, C. L., Martinez-Cerdefio, V., and Noctor, S. C. (2013). Microglia
regulate the number of neural precursor cells in the developing cerebral cortex.
J. Neurosci. 33, 4216-4233. doi: 10.1523/JNEUROSCI.3441-12.2013

Denver, P., and McClean, P. L. (2018). Distinguishing normal brain aging from
the development of Alzheimer’s disease: inflammation, insulin signaling and
cognition. Neural Regen. Res. 13, 1719-1730. doi: 10.4103/1673-5374.238608

Dionisio-Santos, D. A., Olschowka, J. A., and O’Banion, M. K. (2019). Exploiting
microglial and peripheral immune cell crosstalk to treat Alzheimer’s disease.
J. Neuroinflammation 16:74. doi: 10.1186/s12974-019-1453-0

Fang, W., Liao, W., Zheng, Y. Huang, X, Weng, X, Fan, S, et al
(2019). Neurotropin reduces memory impairment and neuroinflammation
via BDNF/NF-kB in a transgenic mouse model of Alzheimer’s disease. Am.
J. Transl. Res. 11, 1541-1554. doi: 10.1093/cercor/bhy039

Fiandaca, M. S., Kapogiannis, D., Mapstone, M., Boxer, A., Eitan, E,
Schwartz, J. B., et al. (2015). Identification of preclinical Alzheimer’s disease
by a profile of pathogenic proteins in neurally derived blood exosomes: a
case-control study. Alzheimers Dement. 11, 600.e1-607.el. doi: 10.1016/j.jalz.
2014.06.008

Franklin, B. S., Bossaller, L., De Nardo, D., Ratter, J. M., Stutz, A., Engels, G.,
et al. (2014). The adaptor ASC has extracellular and “prionoid” activities that
propagate inflammation. Nat. Immunol. 15, 727-737. doi: 10.1038/ni.2913

Freer, R., Sormanni, P., Vecchi, G. Ciryam, P., Dobson, C. M. and
Vendruscolo, M. (2016). A protein homeostasis signature in healthy brains

recapitulates tissue vulnerability to Alzheimer’s disease. Sci. Adv. 2:¢1600947.
doi: 10.1126/sciadv.1600947

Furman, J. L., Vaquer-Alicea, ], White, C. L., Cairns, N. J., Nelson, P. T,
Diamond, M. I, et al. (2017). Widespread tau seeding activity at early Braak
stages. Acta Neuropathol. 133, 91-100. doi: 10.1007/s00401-016-1644-z

Gamez-Valero, A., Beyer, K., and Borras, F. E. (2019). Extracellular vesicles, new
actors in the search for biomarkers of dementias. Neurobiol. Aging 74, 15-20.
doi: 10.1016/j.neurobiolaging.2018.10.006

Ghosh, S., Wu, M. D,, Shaftel, S. S., Kyrkanides, S., LaFerla, F. M., Olschowka, J. A.,
etal. (2013). Sustained interleukin-1f overexpression exacerbates tau pathology
despite reduced amyloid burden in an Alzheimer’s mouse model. J. Neurosci.
33, 5053-5064. doi: 10.1523/J]NEUROSCI.4361-12.2013

Gibbons, G. S., Banks, R. A., Kim, B., Xu, H., Changolkar, L., Leight, S. N,
et al. (2017). GFP-mutant human tau transgenic mice develop tauopathy
following CNS injections of Alzheimer’s brain-derived pathological tau
or synthetic mutant human tau fibrils. J. Neurosci. 37, 11485-11494.
doi: 10.1523/JNEUROSCI.2393-17.2017

Ginhoux, F., Lim, S., Hoeffel, G., Low, D., Huber, T., and Cuadros, M. A.
(2013). Origin and differentiation of microglia. Front. Cell. Neurosci. 7:45.
doi: 10.3389/fncel.2013.00045

Goedert, M., Eisenberg, D. S., and Crowther, R. A. (2017). Propagation of
tau aggregates and neurodegeneration. Annu. Rev. Neurosci. 40, 189-210.
doi: 10.1146/annurev-neuro-072116-031153

Goedert, M., Spillantini, M. G., Jakes, R., Rutherford, D., and Crowther, R. A.
(1989). Multiple isoforms of human microtubule-associated protein tau:
sequences and localization in neurofibrillary tangles of Alzheimer’s disease.
Neuron 3, 519-526. doi: 10.1016/0896-6273(89)90210-9

Griffin, W. S,, Stanley, L. C,, Ling, C., White, L., MacLeod, V., Perrot, L. J., et al.
(1989). Brain interleukin 1 and S-100 immunoreactivity are elevated in down
syndrome and Alzheimer disease. Proc. Natl. Acad. Sci. U S A 86, 7611-7615.
doi: 10.1073/pnas.86.19.7611

Guo, J. L., Narasimhan, S., Changolkar, L., He, Z., Stieber, A., Zhang, B.,
et al. (2016). Unique pathological tau conformers from Alzheimer’s brains
transmit tau pathology in nontransgenic mice. J. Exp. Med. 213, 2635-2654.
doi: 10.1084/jem.20160833

Hall, G. F., and Patuto, B. A. (2012). Is tau ready for admission to the prion club?
Prion 6,223-233. doi: 10.4161/pri.19912

Holmes, B. B., Furman, J. L., Mahan, T. E., Yamasaki, T. R., Mirbaha, H.,
Eades, W. C,, et al. (2014). Proteopathic tau seeding predicts tauopathy
in vivo. Proc. Natl. Acad. Sci. U S A 111, E4376-4385. doi: 10.1073/pnas.14116
49111

Hopp, S. C., Lin, Y., Oakley, D., Roe, A. D., DeVos, S. L., Hanlon, D, et al. (2018).
The role of microglia in processing and spreading of bioactive tau seeds in
Alzheimer’s disease. . Neuroinflammation 15:269. doi: 10.1186/s12974-018-
1309-z

Hoshiko, M., Arnoux, I, Avignone, E., Yamamoto, N., and Audinat, E. (2012).
Deficiency of the microglial receptor CX3CR1 impairs postnatal functional
development of thalamocortical synapses in the barrel cortex. J. Neurosci. 32,
15106-15111. doi: 10.1523/]NEUROSCI.1167-12.2012

in t Veld, B. A., Ruitenberg, A., Hofman, A., Launer, L. J., van Dujin, C. M.,
Stijnen, T., et al. (2001). Nonsteroidal antiinflammatory drugs and
the risk of Alzheimer’s disease. N. Engl. J. Med. 345, 1515-1521.
doi: 10.1056/NEJMo0a010178

Jackson, W. S. (2014). Selective vulnerability to neurodegenerative disease: the
curious case of prion protein. Dis. Model Mech. 7, 21-29. doi: 10.1242/dmm.
012146

Jiang, D.-Q., Ma, Y.-J., Wang, Y., Lu, H.-X,, Mao, S.-H., and Zhao, S.-H.
(2019). Microglia activation induces oxidative injury and decreases
SIRT3 expression in dopaminergic neuronal cells. J. Neural Transm. 126,
559-568. doi: 10.1007/s00702-019-02005-z

Jiang, D.-Q., Wei, M.-D., Wang, K.-W,, Lan, Y.-X,, Zhu, N., and Wang, Y. (2016a).
Nicotine contributes to the neural stem cells fate against toxicity of microglial-
derived factors induced by AB via the Wnt/B-catenin pathway. Int. J. Neurosci.
126, 257-268. doi: 10.3109/00207454.2015.1008696

Jiang, T., Zhang, Y.-D., Chen, Q., Gao, Q., Zhu, X.-C., Zhou, J.-S., et al.
(2016b). TREM2 modifies microglial phenotype and provides neuroprotection
in P301S tau transgenic mice. Neuropharmacology 105, 196-206. doi: 10.1016/j.
neuropharm.2016.01.028

Frontiers in Aging Neuroscience | www.frontiersin.org

October 2019 | Volume 11 | Article 271


https://doi.org/10.1016/j.neuron.2010.08.023
https://doi.org/10.1001/archneur.1995.00540250089017
https://doi.org/10.1001/archneur.1995.00540250089017
https://doi.org/10.1016/j.jalz.2014.02.004
https://doi.org/10.1016/j.jalz.2014.02.004
https://doi.org/10.1016/j.jneumeth.2018.09.030
https://doi.org/10.3233/JAD-150704
https://doi.org/10.1186/s13024-017-0200-1
https://doi.org/10.1186/s13024-017-0200-1
https://doi.org/10.1007/s00401-014-1373-0
https://doi.org/10.1111/j.1750-3639.1991.tb00661.x
https://doi.org/10.1007/bf00308809
https://doi.org/10.1007/bf00293315
https://doi.org/10.1016/S0140-6736(01)05625-2
https://doi.org/10.1073/pnas.1301175110
https://doi.org/10.1073/pnas.1301175110
https://doi.org/10.1038/ncb1901
https://doi.org/10.1523/JNEUROSCI.3441-12.2013
https://doi.org/10.4103/1673-5374.238608
https://doi.org/10.1186/s12974-019-1453-0
https://doi.org/10.1093/cercor/bhy039
https://doi.org/10.1016/j.jalz.2014.06.008
https://doi.org/10.1016/j.jalz.2014.06.008
https://doi.org/10.1038/ni.2913
https://doi.org/10.1126/sciadv.1600947
https://doi.org/10.1007/s00401-016-1644-z
https://doi.org/10.1016/j.neurobiolaging.2018.10.006
https://doi.org/10.1523/JNEUROSCI.4361-12.2013
https://doi.org/10.1523/JNEUROSCI.2393-17.2017
https://doi.org/10.3389/fncel.2013.00045
https://doi.org/10.1146/annurev-neuro-072116-031153
https://doi.org/10.1016/0896-6273(89)90210-9
https://doi.org/10.1073/pnas.86.19.7611
https://doi.org/10.1084/jem.20160833
https://doi.org/10.4161/pri.19912
https://doi.org/10.1073/pnas.1411649111
https://doi.org/10.1073/pnas.1411649111
https://doi.org/10.1186/s12974-018-1309-z
https://doi.org/10.1186/s12974-018-1309-z
https://doi.org/10.1523/JNEUROSCI.1167-12.2012
https://doi.org/10.1056/NEJMoa010178
https://doi.org/10.1242/dmm.012146
https://doi.org/10.1242/dmm.012146
https://doi.org/10.1007/s00702-019-02005-z
https://doi.org/10.3109/00207454.2015.1008696
https://doi.org/10.1016/j.neuropharm.2016.01.028
https://doi.org/10.1016/j.neuropharm.2016.01.028
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

épanic’ et al.

Microglia and Tau Propagation

Kametani, F., and Hasegawa, M. (2018). Reconsideration of amyloid
hypothesis and tau hypothesis in Alzheimer’s disease. Front. Neurosci.
12:25. doi: 10.3389/fnins.2018.00025

Katsinelos, T., Zeitler, M., Dimou, E., Karakatsani, A., Miiller, H.-M., Nachman, E.,
etal. (2018). Unconventional secretion mediates the trans-cellular spreading of
tau. Cell Rep. 23, 2039-2055. doi: 10.1016/j.celrep.2018.04.056

Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-
Szternfeld, R., Ulland, T. K., et al. (2017). A unique microglia type
associated with restricting development of Alzheimer’s disease. Cell 169,
1276.e17-1290.e17. doi: 10.1016/j.cell.2017.05.018

Kfoury, N., Holmes, B. B., Jiang, H., Holtzman, D. M., and Diamond, M. L. (2012).
Trans-cellular propagation of tau aggregation by fibrillar species. J. Biol. Chem.
287, 19440-19451. doi: 10.1074/jbc.M112.346072

Kinney, J. W., Bemiller, S. M., Murtishaw, A. S., Leisgang, A. M., Salazar, A. M.,
and Lamb, B. T. (2018). Inflammation as a central mechanism in Alzheimer’s
disease. Alzheimers Dement. 4, 575-590. doi: 10.1016/j.trci.2018.06.014

Lanzrein, A.-S., Johnston, C. M., Perry, V. H., Jobst, K. A., King, E. M., and
Smith, A. D. (1998). Longitudinal study of inflammatory factors in serum,
cerebrospinal fluid and brain tissue in Alzheimer disease. Alzheimer Dis. Assoc.
Disord. 12, 215-227. doi: 10.1097/00002093-199809000-00016

Lavin, Y., Winter, D., Blecher-Gonen, R., David, E., Keren-Shaul, H., Merad, M.,
et al. (2014). Tissue-resident macrophage enhancer landscapes are shaped
by the local microenvironment. Cell 159, 1312-1326. doi: 10.1016/j.cell.2014.
11.018

Lee, M., McGeer, E., and McGeer, P. L. (2015). Activated human microglia
stimulate neuroblastoma cells to upregulate production of beta amyloid protein
and tau: implications for Alzheimer’s disease pathogenesis. Neurobiol. Aging 36,
42-52. doi: 10.1016/j.neurobiolaging.2014.07.024

Lenz, K. M., and Nelson, L. H. (2018). Microglia and beyond: innate immune cells
as regulators of brain development and behavioral function. Front. Immunol.
9:698. doi: 10.3389/fimmu.2018.00698

Li, Y., Liu, L., Barger, S. W, and Griffin, W. S. T. (2003). Interleukin-1 mediates
pathological effects of microglia on tau phosphorylation and on synaptophysin
synthesis in cortical neurons through a p38-MAPK pathway. J. Neurosci. 23,
1605-1611. doi: 10.1523/jneurosci.23-05-01605.2003

Lindwall, G., and Cole, R. D. (1984). Phosphorylation affects the ability of tau
protein to promote microtubule assembly. J. Biol. Chem. 259, 5301-5305.

Liu, L., Drouet, V., Wu, J. W., Witter, M. P., Small, S. A., Clelland, C., et al.
(2012). Trans-synaptic spread of tau pathology in vivo. PLoS One 7:¢31302.
doi: 10.1371/journal.pone.0031302

Liu, C., Hong, K., Chen, H., Niu, Y., Duan, W., Liu, Y., et al. (2019). Evidence for a
protective role of the CX3CL1/CX3CR1 axis in a model of amyotrophic lateral
sclerosis. Biol. Chem. 400, 651-661. doi: 10.1515/hsz-2018-0204

Luo, W., Liu, W., Hu, X., Hanna, M., Caravaca, A., and Paul, S. M. (2015).
Microglial internalization and degradation of pathological tau is enhanced by
an anti-tau monoclonal antibody. Sci. Rep. 5:11161. doi: 10.1038/srep11161

Maphis, N., Xu, G. Kokiko-Cochran, O. N., Jiang, S., Cardona, A,
Ransohoff, R. M., et al. (2015). Reactive microglia drive tau pathology
and contribute to the spreading of pathological tau in the brain. Brain 138,
1738-1755. doi: 10.1093/brain/awv081

Matcovitch-Natan, O., Winter, D. R, Giladi, A., Vargas Aguilar, S., Spinrad, A.,
Sarrazin, S., et al. (2016). Microglia development follows a stepwise program to
regulate brain homeostasis. Science 353:aad8670. doi: 10.1126/science.aad8670

Medzhitov, R. (2007). Recognition of microorganisms and activation of the
immune response. Nature 449, 819-826. doi: 10.1038/nature06246

Michelucci, A., Heurtaux, T., Grandbarbe, L., Morga, E., and Heuschling, P.
(2009). Characterization of the microglial phenotype under specific
pro-inflammatory and anti-inflammatory conditions: effects of oligomeric and
fibrillar amyloid-B. J. Neuroimmunol. 210, 3-12. doi: 10.1016/j.jneuroim.2009.
02.003

Minghetti, L. (2005). Role of inflammation in neurodegenerative diseases. Curr.
Opin. Neurol. 18, 315-321. doi: 10.1097/01.wc0.0000169752.54191.97

Mudo, G., Frinchi, M., Nuzzo, D., Scaduto, P., Plescia, F., Massenti, M. F,,
et al. (2019). Anti-inflammatory and cognitive effects of interferon-pla
(IFNB1a) in a rat model of Alzheimer’s disease. J. Neuroinflammation 16:44.
doi: 10.1186/s12974-019-1417-4

Narasimhan, S., Guo, J. L., Changolkar, L., Stieber, A., McBride, J. D., Silva, L. V.,
et al. (2017). Pathological tau strains from human brains recapitulate the

diversity of tauopathies in nontransgenic mouse brain. J. Neurosci. 37,
11406-11423. doi: 10.1523/J]NEUROSCI.1230-17.2017

Neve, R. L., Harris, P, Kosik, K. S, Kurnit, D. M., and Donlon, T. A.
(1986). Identification of cDNA clones for the human microtubule-associated
protein tau and chromosomal localization of the genes for tau and
microtubule-associated protein 2. Brain Res. 387, 271-280. doi: 10.1016/0169-
328x(86)90033-1

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells
are highly dynamic surveillants of brain parenchyma in vivo. Science 308,
1314-1318. doi: 10.1126/science.1110647

Nizynski, B., Dzwolak, W., and Nieznanski, K. (2017). Amyloidogenesis of tau
protein. Proten Sci. 26, 2126-2150. doi: 10.1002/pro.3275

Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P.,
et al. (2011). Synaptic pruning by microglia is necessary for normal brain
development. Science 333, 1456-1458. doi: 10.1126/science.1202529

Plouffe, V., Mohamed, N.-V., Rivest-McGraw, J., Bertrand, J., Lauzon, M., and
Leclerc, N. (2012). Hyperphosphorylation and cleavage at D421 enhance tau
secretion. PLoS One 7:¢36873. doi: 10.1371/journal.pone.0036873

Prusiner, S. B. (1982). Novel proteinaceous infectious particles cause scrapie.
Science 216, 136-144. doi: 10.1126/science.6801762

Prusiner, S. B. (2013). Biology and genetics of prions causing neurodegeneration.
Annu. Rev. Genet. 47, 601-623. doi: 10.1146/annurev-genet-110711-
155524

Qin, L., Liu, Y., Cooper, C., Liu, B., Wilson, B., and Hong, J.-S. (2002). Microglia
enhance beta-amyloid peptide-induced toxicity in cortical and mesencephalic
neurons by producing reactive oxygen species. J. Neurochem. 83, 973-983.
doi: 10.1046/j.1471-4159.2002.01210.x

Rabouille, C., Malhotra, V., and Nickel, W. (2012). Diversity in unconventional
protein secretion. J. Cell Sci. 125, 5251-5255. doi: 10.1242/jcs.103630

Rangaraju, S., Dammer, E. B, Raza, S. A., Rathakrishnan, P., Xiao, H.,
Gao, T. et al. (2018). Identification and therapeutic modulation of
a pro-inflammatory subset of disease-associated-microglia in Alzheimer’s
disease. Mol. Neurodegener. 13:24. doi: 10.1186/s13024-018-0254-8

Saman, S., Kim, W., Raya, M., Visnick, Y., Miro, S., Saman, S., et al. (2012).
Exosome-associated tau is secreted in tauopathy models and is selectively
phosphorylated in cerebrospinal fluid in early Alzheimer disease. J. Biol. Chem.
287, 3842-3849. doi: 10.1074/jbc.M111.277061

Sardi, F., Fassina, L., Venturini, L., Inguscio, M., Guerriero, F., Rolfo, E.,
et al. (2011). Autoimmunity reviews Alzheimer’s disease, autoimmunity and
inflammation. The good, the bad and the ugly. Autoimmun. Rev. 11, 149-153.
doi: 10.1016/j.autrev.2011.09.005

Sasaki, A., Kawarabayashi, T., Murakami, T., Matsubara, E., Ikeda, M.,
Hagiwara, H., et al. (2008). Microglial activation in brain lesions with
tau deposits: comparison of human tauopathies and tau transgenic mice
TgTauP301L. Brain Res. 1214, 159-168. doi: 10.1016/j.brainres.2008.02.084

Sayed, F. A., Telpoukhovskaia, M., Kodama, L., Li, Y., Zhou, Y., Le, D., et al.
(2018). Differential effects of partial and complete loss of TREM2 on microglial
injury response and tauopathy. Proc. Natl. Acad. Sci. U S A 115, 10172-10177.
doi: 10.1073/pnas.1811411115

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R,, Mardinly, A. R,,
Yamasaki, R., et al. (2012). Microglia sculpt postnatal neural circuits
in an activity and complement-dependent manner. Neuron 74, 691-705.
doi: 10.1016/j.neuron.2012.03.026

Serrano-Pozo, A., Mielke, M. L., Gémez-Isla, T., Betensky, R. A., Growdon, J. H.,
Frosch, M. P,, et al. (2011). Reactive glia not only associates with plaques but
also parallels tangles in Alzheimer’s disease. Am. J. Pathol. 179, 1373-1384.
doi: 10.1016/j.ajpath.2011.05.047

Sheffield, L. G., Marquis, J. G., and Berman, N. E. (2000). Regional distribution of
cortical microglia parallels that of neurofibrillary tangles in Alzheimer’s disease.
Neurosci. Lett. 285, 165-168. doi: 10.1016/s0304-3940(00)01037-5

Simi¢, G., Babi¢ Leko, M., Wray, S., Harrington, C., Delalle, I, Jovanov-
Milosevic, N,, et al. (2016). Tau protein hyperphosphorylation and aggregation
in Alzheimer’s disease and other tauopathies and possible neuroprotective
stragegies. Biomolecules 6:6. doi: 10.3390/biom6010006

Simic, G., Babi¢ Leko, M., Wray, S., Harrington, C. R., Delalle, I., Jovanov-
Milosevic, N., et al. (2017). Monoaminergic neuropathology in Alzheimer’s
disease. Prog. Neurobiol. 151, 101-138. doi: 10.1016/j.pneurobio.2016.
04.001

Frontiers in Aging Neuroscience | www.frontiersin.org

October 2019 | Volume 11 | Article 271


https://doi.org/10.3389/fnins.2018.00025
https://doi.org/10.1016/j.celrep.2018.04.056
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1074/jbc.M112.346072
https://doi.org/10.1016/j.trci.2018.06.014
https://doi.org/10.1097/00002093-199809000-00016
https://doi.org/10.1016/j.cell.2014.11.018
https://doi.org/10.1016/j.cell.2014.11.018
https://doi.org/10.1016/j.neurobiolaging.2014.07.024
https://doi.org/10.3389/fimmu.2018.00698
https://doi.org/10.1523/jneurosci.23-05-01605.2003
https://doi.org/10.1371/journal.pone.0031302
https://doi.org/10.1515/hsz-2018-0204
https://doi.org/10.1038/srep11161
https://doi.org/10.1093/brain/awv081
https://doi.org/10.1126/science.aad8670
https://doi.org/10.1038/nature06246
https://doi.org/10.1016/j.jneuroim.2009.02.003
https://doi.org/10.1016/j.jneuroim.2009.02.003
https://doi.org/10.1097/01.wco.0000169752.54191.97
https://doi.org/10.1186/s12974-019-1417-4
https://doi.org/10.1523/JNEUROSCI.1230-17.2017
https://doi.org/10.1016/0169-328x(86)90033-1
https://doi.org/10.1016/0169-328x(86)90033-1
https://doi.org/10.1126/science.1110647
https://doi.org/10.1002/pro.3275
https://doi.org/10.1126/science.1202529
https://doi.org/10.1371/journal.pone.0036873
https://doi.org/10.1126/science.6801762
https://doi.org/10.1146/annurev-genet-110711-155524
https://doi.org/10.1146/annurev-genet-110711-155524
https://doi.org/10.1046/j.1471-4159.2002.01210.x
https://doi.org/10.1242/jcs.103630
https://doi.org/10.1186/s13024-018-0254-8
https://doi.org/10.1074/jbc.M111.277061
https://doi.org/10.1016/j.autrev.2011.09.005
https://doi.org/10.1016/j.brainres.2008.02.084
https://doi.org/10.1073/pnas.1811411115
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1016/j.ajpath.2011.05.047
https://doi.org/10.1016/s0304-3940(00)01037-5
https://doi.org/10.3390/biom6010006
https://doi.org/10.1016/j.pneurobio.2016.04.001
https://doi.org/10.1016/j.pneurobio.2016.04.001
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

épanic’ et al.

Microglia and Tau Propagation

Simi¢, G., Gnjidi¢, M., and Kostovi¢, I. (1998). Cytoskeletal changes as an
alternative view on pathogenesis of Alzheimer’s disease. Period Biol. 100,
165-173.

Simic, G., Spanic, E., Langer Horvat, L., and Hof, P. R. (2019). Blood-brain barrier
and innate immunity in the pathogenesis of Alzheimer’s disease. Prog. Mol.
Biol. Transl. Sci. 168:47. doi: 10.1016/bs.pmbts.2019.06.003

Smolek, T., Jadhav, S., Brezovakova, V., Cubinkova, V., Valachova, B., Novak, P.,
et al. (2019). First-in-rat study of human Alzheimer’s disease tau propagation.
Mol. Neurobiol. 56, 621-631. doi: 10.1007/s12035-018-1102-0

Stancu, L-C., Cremers, N., Vanrusselt, H., Couturier, J., Vanoosthuyse, A.,
Kessels, S., et al. (2019). Aggregated tau activates NLRP3-ASC inflammasome
exacerbating exogenously seeded and non-exogenously seeded tau pathology
in vivo. Acta Neuropathol. 137, 599-617. doi: 10.1007/s00401-018-
01957-y

Stephenson, J., Nutma, E., van der Valk, P., and Amor, S. (2018). Inflammation in
CNS neurodegenerative diseases. Immunology 154,204-219. doi: 10.1111/imm.
12922

Takeda, S., Commins, C., DeVos, S. L., Nobuhara, C. K., Wegmann, S., Roe, A. D,
et al. (2016). Seed-competent high-molecular-weight tau species accumulates
in the cerebrospinal fluid of Alzheimer’s disease mouse model and human
patients. Ann. Neurol. 80, 355-367. doi: 10.1002/ana.24716

Takeda, S., Wegmann, S., Cho, H., DeVos, S. L., Commins, C., Roe, A. D,
et al. (2015). Neuronal uptake and propagation of a rare phosphorylated high-
molecular-weight tau derived from Alzheimer’s disease brain. Nat. Commun.
6:8490. doi: 10.1038/ncomms9490

Tang, Y., and Le, W. (2016). Differential roles of M1 and M2 microglia
in  neurodegenerative  diseases. Mol. 53, 1181-1194.
doi: 10.1007/s12035-014-9070-5

von Bernhardi, R., Eugenin-von Bernhardi, L., and Eugenin, J. (2015). Microglial
cell dysregulation in brain aging and neurodegeneration. Front. Aging Neurosci.
7:124. doi: 10.3389/fnagi.2015.00124

Walker, L. C., and Jucker, M. (2015). Neurodegenerative diseases: expanding the
prion concept. Annu. Rev. Neurosci. 38, 87-103. doi: 10.1146/annurev-neuro-
071714-033828

Walsh, D. M., and Selkoe, D. J. (2016). A critical appraisal of the pathogenic
protein spread hypothesis of neurodegeneration. Nat. Rev. Neurosci. 17,
251-260. doi: 10.1038/nrn.2016.13

Wang, Y., Balaji, V., Kaniyappan, S., Kriiger, L., Irsen, S., Tepper, K., et al.
(2017). The release and trans-synaptic transmission of tau via exosomes. Mol.
Neurodegener. 12:5. doi: 10.1186/s13024-016-0143-y

Neurobiol.

Weingarten, M. D., Lockwood, A. H., Hwo, S. Y., and Kirschner, M. W. (1975). A
protein factor essential for microtubule assembly. Proc. Natl. Acad. Sci. U S A
72, 1858-1862. doi: 10.1073/pnas.72.5.1858

Wu, Z., Yu, J., Zhu, A., and Nakanishi, H. (2016). Nutrients, microglia aging and
brain aging. Oxid. Med. Cell. Longev. 2016:7498528. doi: 10.1155/2016/7498528

Yamada, K., Cirrito, J. R., Stewart, F. R, Jiang, H., Finn, M. B., Holmes, B. B,,
et al. (2011). in vivo microdialysis reveals age-dependent decrease of brain
interstitial fluid tau levels in P301S human tau transgenic mice. J. Neurosci. 31,
13110-13117. doi: 10.1523/JNEUROSCI.2569-11.2011

Yoshiyama, Y., Higuchi, M., Zhang, B., Huang, S.-M., Iwata, N., Saido, T. C,,
et al. (2007). Synapse loss and microglial activation precede tangles in a P301S
tauopathy mouse model. Neuron 53, 337-351. doi: 10.1016/j.neuron.2007.
01.010

Zandi, P. P., Anthony, J. C., Hayden, K. M., Mehta, K., Mayer, L., and
Breitner, J. C. S. (2002). Reduced incidence of AD with NSAID but not
H2 receptor antagonists: the cache county study. Neurology 59, 880-886.
doi: 10.1212/wnl.59.6.880

Zetterberg, H., and Blennow, K. (2013). Cerebrospinal fluid biomarkers for
Alzheimer’s disease: more to come? J. Alzheimers Dis. 33, S361-S369.
doi: 10.3233/JAD-2012-129035

Zilka, N., Kazmerova, Z., Jadhav, S., Neradil, P., Madari, A., Obetkova, D.,
et al. (2012). Who fans the flames of Alzheimer’s disease brains? Misfolded
tau on the crossroad of neurodegenerative and inflammatory pathways.
J. Neuroinflammation 9:47. doi: 10.1186/1742-2094-9-47

Zilka, N., Stozicka, Z., Kovac, A., Pilipcinec, E., Bugos, O., and Novak, M.
(2009). Human misfolded truncated tau protein promotes activation of
microglia and leukocyte infiltration in the transgenic rat model of tauopathy.
J. Neuroimmunol. 209, 16-25. doi: 10.1016/j.jneuroim.2009.01.013

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

Copyright © 2019 Spanic; Langer Horvat, Hof and Simic. 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) and the copyright owner(s) 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 Aging Neuroscience | www.frontiersin.org

10

October 2019 | Volume 11 | Article 271


https://doi.org/10.1016/bs.pmbts.2019.06.003
https://doi.org/10.1007/s12035-018-1102-0
https://doi.org/10.1007/s00401-018-01957-y
https://doi.org/10.1007/s00401-018-01957-y
https://doi.org/10.1111/imm.12922
https://doi.org/10.1111/imm.12922
https://doi.org/10.1002/ana.24716
https://doi.org/10.1038/ncomms9490
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.3389/fnagi.2015.00124
https://doi.org/10.1146/annurev-neuro-071714-033828
https://doi.org/10.1146/annurev-neuro-071714-033828
https://doi.org/10.1038/nrn.2016.13
https://doi.org/10.1186/s13024-016-0143-y
https://doi.org/10.1073/pnas.72.5.1858
https://doi.org/10.1155/2016/7498528
https://doi.org/10.1523/JNEUROSCI.2569-11.2011
https://doi.org/10.1016/j.neuron.2007.01.010
https://doi.org/10.1016/j.neuron.2007.01.010
https://doi.org/10.1212/wnl.59.6.880
https://doi.org/10.3233/JAD-2012-129035
https://doi.org/10.1186/1742-2094-9-47
https://doi.org/10.1016/j.jneuroim.2009.01.013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Role of Microglial Cells in Alzheimer's Disease Tau Propagation
	INTRODUCTION
	MICROGLIAL CELLS
	INFLAMMATION IN AD
	PROPAGATION OF TAU PROTEIN
	TAU RELEASE VIA EXOSOMES
	MICROGLIA-TAU RELATIONSHIPS
	TAU SEEDS INDUCE INFLAMMASOME ACTIVATION
	CONCLUSIONS
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


