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Abstract
Neuroinflammation is involved in the aetiology of many neurodegenerative disorders including
Alzheimer’s Disease, Parkinson’s Disease and Motor Neuron Disease. Whether
neuroinflammation also plays an important role in the pathophysiology of frontotemporal
dementia is less well known. Frontotemportal dementia is a heterogeneous classification which
covers many subtypes, with the main pathology known as frontotemporal lobar degeneration.
The disease can be categorised with respect to the identity of the protein that causes the
frontotemporal lobar degeneration in the brain. The most common subgroup describes diseases
caused by frontotemporal lobar degeneration associated with tau aggregation, also known as
primary tauopathies. Evidence suggests that neuroinflammation may play a role in primary

Fo

tauopathies with genome-wide association studies finding enrichment of genetic variants
associated with specific inflammation-related gene loci. These loci are related to both the innate

rP

immune system, including brain resident microglia, and the adaptive immune system through
possible peripheral T cell involvement. This review discusses the genetic evidence and relates

ee

it to findings in animal models expressing pathogenic tau as well as to post-mortem and
positron emission tomography studies in human disease. Across experimental paradigms, there

rR

appears to be a consensus regarding the involvement of innate immunity in primary
tauopathies, with increased microglia and astrocyte density and/or activation, as well as

ev

increases in pro-inflammatory markers. Whilst it is less clear as to whether inflammation
precedes tau aggregation or vice-versa; there is strong evidence to support a microglial

iew

contribution to the propagation of hyperphosphorylated in tau frontotemporal lobar
degeneration associated with tau aggregation. Experimental evidence - albeit limited – also
corroborates genetic data pointing to the involvement of cellular adaptive immunity in primary
tauopathies. However, it is still unclear whether brain recruitment of peripheral immune cells
is an aberrant result of pathological changes or a physiological aspect of the neuroinflammatory
response to the tau pathology.
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Short title
Immunity in frontotemporal dementia
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Abbreviations
AGD = argyrophilic grain disease
BBB = blood brain barrier
bvFTD = behavioural variant FTD
CBD = corticobasal degeneration
CBS = corticobasal syndrome
DAMP = damage associated molecular patterns
GGT = globular glial tauopathy
FTD = frontotemporal dementia
FTLD = frontotemporal lobar degeneration
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NfT = neurofibrillary tangle

PAMP = Pathogen associated molecular patterns

PiD = Pick’s disease

ee
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PHF = Paired helical filament

PNFA = progressive non-fluent aphasia
PSP = progressive supranuclear palsy

rR

PSPS = progressive supranuclear palsy syndrome
SD = semantic dementia
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WT = wildtype
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Introduction
Frontotemporal dementia (FTD) is a clinically and neuropathologically diverse group of
progressive neurodegenerative disorders characterized by disturbances in behaviour, impulse
control, personality and language. This is due to atrophy of the frontal and temporal lobes,
known as frontotemporal lobar degeneration (FTLD). FTD is a common form of early onset
dementia, occurring at a similar frequency to Alzheimer’s disease in patients younger than 65
years. FTD has been reported to account for 5% of all dementia cases (Barker et al., 2002);
although it is typically considered an early-onset dementia and as such has been shown to
account for closer to 10-12% of dementia cases in a cohort of patients under 65 years old (Fig.
1A) (Harvey et al., 2003; Hogan et al., 2016). Indeed, a Swedish population study found the

Fo

mean age of diagnosis to be 69.6, with 30% of diagnoses occurring in patients younger than 65
(Nilsson et al., 2014). Epidemiological studies show a varied point prevalence for FTD of 1 –

rP

461 cases per 100,000 and 2.7-30 people per 100,000 are diagnosed with FTD each year
(Onyike and Diehl-Schmid, 2013; Hogan et al., 2016). In terms of progression, FTD patients

ee

were found to have a 33% shorter survival compared to Alzheimer’s disease patients, with a
faster decline in their cognitive abilities (Rascovsky et al., 2005).

rR

The clinical diagnosis of FTD is based on behavioural symptoms, neuropsychological
examination and brain imaging (Gorno-Tempini et al., 2011; Rascovsky et al., 2011), and

ev

separate from the post-mortem pathological diagnosis which is based on the nature of the
protein that aggregates to cause FTLD (FTLD-TDP, FTLD-FUS or FTLD-tau) (Fig. 1B). The

iew

proteins that aggregate (TDP43, Fused in Sarcoma protein, or tau) form characteristic
cytoplasmic or nuclear inclusions that are observed histopathologically. Among the FTLD subclassifications, the FTLD-tau represents 50% of all FTLD cases (Boxer et al., 2013 ) and can
be further subdivided by the specific identity of tau inclusions that occur in neurons, neurites,
and glia (including astrocytes and oligodendrocytes) (Fig. 3) (Kovacs, 2015). “FTLD-tau”
encompasses sporadic and inherited primary tauopathies including progressive supranuclear
palsy (PSP), Pick’s disease (PiD), corticobasal degeneration (CBD), argyrophilic grain disease
(AGD), FTLD with genetic mutations in the gene encoding Tau, MAPT (FTLD-MAPT) and
globular glial tauopathy (GGT).
The FTLD-tau diseases are characterised by a specific neuropathological phenotype defined
by the particular tau isoforms expressed (Kovacs, 2015). The alternative splicing of the tau
encoding gene (MAPT) can create proteins that have either three or four repeats in their Cterminal amino acid sequences, known as 3R tau and 4R tau (Sergeant et al., 2008; Snowden
4
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et al., 2011). 3R tau is expressed in the brain from foetal development to adulthood; whereas
4R tau is expressed only in adulthood (Kosik et al., 1989). Changes to the 3R:4R tau ratio in
tau inclusions define the various forms of FTLD-tau. Interestingly, it was observed that the
pattern of phosphorylation between genetic and sporadic FTLD-tau cases was similar, and
position of the mutation in FTLD-MAPT patients has no effect on the amount of tau deposition
(Shiarli et al., 2006). Notably, there is not always a direct association between the clinical and
neuropathological diagnosis. Indeed, in a survey of 125 patients split by clinical diagnosis into
five categories, only the patients with semantic dementia (SD) had the same underlying
neuropathological diagnosis (PiD, n = 3). Also, 90% of patients with a clinical PSP syndrome
(PSPS) had the corresponding PSP pathology. Of the other three clinical diagnoses

Fo

(behavioural variant FTD = bvFTD, progressive non-fluent aphasia = PNFA, and corticobasal
syndrome = CBS), the underlying pathology was variable between AGD, CBD, PSP and PiD

rP

(Josephs et al., 2011; Perry et al., 2017). This heterogeneity has been shown across several
studies and is most prevalent in bvFTD and PNFA (Fig. 2). This is important when comparing

rR

Genetic risk for FTLD-tau

ee

studies assessing clinical, genetic and biological findings in FTD patients.

There is a direct genetic component to FTLD-tau with 53 genetic mutations in the MAPT

ev

gene known to cause an inherited form of the disease (Ghetti et al., 2015). Although the tau
pathology is heterogeneous across these mutations (Shiarli et al., 2006), there is evidence of

iew

neuroinflammation in patients with MAPT mutations (Lant et al., 2014; Bevan-Jones et al.,
2019).

This section will focus specifically on genome-wide association studies (GWAS) that have
highlighted genetic risk related to genes that are involved in innate and adaptive immunity,
many of which are related to inflammatory signalling pathways and/or functions of
mononuclear phagocytes, including microglia (Table 1). Since neurodegeneration and
neuroinflammation are highly interlinked, it is not surprising that some of these risk variants
are common across neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s
disease and unspecified FTD (Ferrari et al., 2017). Gene variations identified as risk factors for
FTD include:
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Triggering Receptor Expressed on Myeloid cells 2 (TREM2)
One genetic risk factor for FTD is in the gene encoding the innate immune receptor TREM2.
One set of variants in TREM2 and its ligand TYRO protein tyrosine kinase binding protein
(TYROBP) have been implicated in a rare autosomal recessive disorder known as Nasu-Hakola
disease (NHD), which causes a progressive FTD-like dementia due to white matter
degeneration and with presence of tau pathology (Paloneva et al., 2000; Kaneko et al., 2010)
(Satoh et al., 2018). In addition, description of TREM2 mutations in patients presenting with
FTD-like dementia (Chouery et al., 2008; Guerreiro et al., 2013) suggests that TREM2
mutations can cause dementia associated with tau pathology and thus they may have relevance
for FTD.

Fo

Mutations in TREM2 are known to increase Alzheimer’s disease risk. One of these, the
R47H TREM2 mutation, is also associated with behavioural variant (bv)FTD (Giraldo et al.,

rP

2013), combined FTD (Rayaprolu et al., 2013) and unspecified FTD - along with three other
TREM2 mutations (Q33X, T66M and S116C) (Borroni et al., 2014). Two studies detected

ee

enrichment of other Alzheimer’s disease-related TREM2 mutations including R62H, T96K,
L221P, R47H and Q33X in unspecified FTD patients (Lattante et al., 2013; Cuyvers et al.,

rR

2014). However, no significant association was detected for any individual variant, despite a
three-fold increase in the R47H mutation in FTD in the latter study (Cuyvers et al., 2014).

ev

Interestingly, another study confirmed the R47H variant association with Alzheimer’s disease
but not in a cohort of 682 FTD patients (Ruiz et al., 2014).

iew

The discrepancies between these studies might be explained by the difficulty in recruiting
patients with a low prevalence disease and the heterogeneity of the FTD often referred to as
‘unspecified’. It may also be due to the background populations of the patients included in each
study. It must be noted that from these GWAS studies, a relationship between TREM2 variants
and FTLD-tau is impossible to conclude as these studies only look at clinical FTD as a whole.
Also, the lack of association with PSP may rule out TREM2 as the common source of innate
immune dysfunction across FTLD-tau subtypes (Rayaprolu et al., 2013). Conversely, no
association was found between FTLD-TDP and the TREM2 R47H mutation (Lill et al., 2015),
suggesting associations in mixed cohorts may due to FTLD-tau subtypes. In support of this
contention, Alzheimer’s disease and mild cognitive impairment (MCI) patients that carried the
risk allele had increased tau in their cerebrospinal fluid (CSF) compared to Alzheimer's disease
and MCI non-carriers, suggesting a link between TREM2 and tau pathology (Lill et al., 2015).
This link is also relevant to FTD as although TREM2 expression was not found to be
6
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significantly increased in clinically diagnosed FTD patients, CSF soluble TREM2 was
significantly positively correlated to CSF total tau and phosphorylated tau across all FTD
subtypes (Woollacott et al., 2018). However, another study did not find alterations of TREM2
levels in FTD patients’ CSF (Kleinberger et al., 2014). Consequently, despite conflicting
evidence, the R47H TREM2 mutation may be the most important of the TREM2 variants for
FTD risk, but it must be noted that this variant is rare, affecting about 4% of FTD patients
(Borroni et al., 2014).
Physiologically, TREM2 facilitates the phagocytosis of apoptotic neurons whilst also
dampening the pro-inflammatory response (Takahashi et al., 2005). The balance of these two
functions of TREM2 is important in mediating an appropriate inflammatory response. TREM2
et al., 2016).

Fo

mutations in FTD have been associated with a loss of function of the TREM2 protein (Kober

rP

Genetically altering Trem2 expression levels in mice has been shown to alter microglia
activity alone and in the context of tau pathology (Fig. 4). Trem2 knockdown causes decreased

ee

microglial phagocytotic ability and increased microglial pro-inflammatory signalling in
wildtype (WT) mice (Takahashi et al., 2005) and in vitro (Jiang et al., 2018). The effect of

rR

Trem2 knockdown on tau pathology is controversial with studies showing that TREM2
deficiency leads to exacerbated levels of phosphorylated tau in P301S mice (Jiang et al., 2015),

ev

APP mice (Leyns et al., 2019) and human tau expressing mice (Bemiller et al., 2017). Whereas
other studies also using P301S mice (Sayed et al., 2018) or PS19 mice (Leyns et al., 2017)

iew

found that Trem2-/- had no effect on phosphorylated tau levels. Interestingly the former studies
used mice with 2-6 months of induced phosphorylated tau expression, compared to 8-9 months
in the latter studies. This suggests that the initial loss of function in Trem2 may prevent
microglia from responding to tau pathology, but later the reduced activation of microglia may
reduce neurodegeneration and atrophy (Sayed et al., 2018).
In humans, there was a stronger relationship between sporadic FTD and the heterozygous
R47H mutation than with the homozygous mutation that causes NHD, implying different effect
of partial or complete loss of TREM2. Indeed Trem2 -/+ Tau P301S mice had increased tau
pathology and microglial activation compared to controls and to Trem2 -/- P301S mice (Sayed
et al., 2018). Interestingly, expression of mutant Trem2 fails to stimulate phagocytosis
(Kleinberger et al., 2014) with effects more in line with the Trem2 knockout (Leyns et al.,
2019).
Whilst the genetic evidence in humans does suggest that TREM2 plays a role in FTD, it
should be considered carefully when comparing to animal data. Experimental animal studies
7
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have shown TREM2 expression in microglia (Schmid et al., 2002; Kiialainen et al., 2005;
Takahashi et al., 2005), but there is scant evidence as to whether its expression is matched in
humans (Sessa et al., 2004), with one study showing TREM2 expression restricted to
intravascular monocytes and monocytes recruited into the brain parenchyma as a consequence
of blood-brain barrier breakdown following acute infarction (Fahrenhold et al., 2018). Despite
our lack of knowledge on TREM2 protein in humans, the genetic evidence supports a role for
TREM2 mutations in FTD that might be driven by myeloid cells including macrophages and
microglia.
TYRO protein tyrosine kinase binding (TYROBP)

Fo

TYROBP (also known as DAP12) is a TREM2 adapter protein encoded by the TYROBP
gene. The activation of TREM2 leads to TYROBP phosphorylation which causes downstream

rP

changes to the cytoskeleton of microglia to allow phagocytosis (Linnartz et al., 2010). This
process allows for the clearance of neurons undergoing apoptosis in a non-inflammatory

ee

environment (Takahashi et al., 2005). Like TREM2, TYROBP mutations were first found in
Alzheimer’s disease patients (Pottier et al., 2016). A study across Alzheimer’s Disease,

rR

unspecified FTD and other dementias found two patients with variants of TYROBP, but these
were deemed to be non-pathogenic (Darwent et al., 2017), suggesting that mutations in

ev

TYROBP do not present a risk for neurodegenerative disorders. Whilst the relevant literature is
sparse, it seems that TREM2 has a clearer effect than TYROBP on neurodegenerative diseases

iew

such as FTD. However, loss of function mutations in TYROBP have been shown to cause NHD
(Paloneva et al., 2000), and in TYROBP-/- P301S mice, a reduction in microglial numbers and
cell body size (associated with decreased phagocytic state) was seen compared to TYROBP+/+
P301S mice, with increased spread and phosphorylation of tau (Audrain et al., 2019).

Leucine-rich repeat kinase 2 (LRRK2)
LRRK2 is the primary cause of early-onset familial Parkinson’s disease. The discovery of a
genetic relationship between LRRK2 and FTD (Ferrari et al., 2017) is supported by the
presence of LRRK2 mutations in patients with FTLD pathology with (Ling et al., 2013) and
without tau mutations (Dachsel et al., 2007). Since LRRK2 is involved in modulating TNFα
expression which can, in turn, alter microglial activity, an inflammatory role for LRRK2 in
FTD can be proposed (Moehle et al., 2012). It is known that hyperphosphorylated tau is present
in Parkinson's disease patients with LRRK2 mutations (Henderson et al., 2019). However,
8
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whether LRRK2 is associated with tau pathology in FTLD-tau is less well known. A screen of
1039 PSP and 145 CBD patients for LRRK2 found three mutations in two PSP patients
(G2019S, R1441C and A1413T) and one in a CBD patient (R1707K) (Sanchez-Contreras et
al., 2017). Of note, in P301S mice, tau pathology develops independently of LRRK2 mutations,
although the LRRK2 G2019S mutation does promote the neuronal spread of normal tau
(Nguyen et al., 2018).

TBK1 binding protein 1 (TBKBP1)
TBKBP1 is another gene determined by GWAS to be related to FTD (Broce et al., 2018).
Like LRRK2, TBKBP1 plays a part in the signal transduction cascade that modulates TNFα

Fo

signalling (Bouwmeester et al., 2004). Interestingly, the link between genes that control TNFα
expression and FTD are supported by evidence of increased TNFα in the CSF of FTD patients

rP

(Sjogren et al., 2004) and the brains of animal models of chronic neurodegenerative diseases
(Krabbe et al., 2017), but the role of the protein in the disease remains to be explored.

ee

Apolipoprotein (APOE):

rR

APOE has long been known as the most important risk factor in Alzheimer’s disease with
the ε4 allele genotype conveying a significant risk (Corder et al., 1993; Farrer et al., 1997).

ev

Initially, APOE ε4 was not considered as a risk factor for FTD (Geschwind et al., 1998), but
recent studies have found, as for Alzheimer’s disease, that the ε4 allele increases risk whereas

iew

ε2 was protective in unspecified FTD (Ferrari et al., 2017) and bvFTD (Mishra et al., 2017).
The APOE ε4 association with FTD was confirmed in a meta-analysis of 28 studies, but the
study failed to confirm a protective role for APOE ε2 (Rubino et al., 2013).
Neuropathological differences have been detected in bvFTD APOE ε4 carriers, who have
enhanced atrophy in the frontal lobe and ventral striatum (Boccardi et al., 2004; Agosta et al.,
2009). This suggests that ε4 might accelerate the thinning in areas susceptible to ageing, as the
effect is also observed in ε4 carrying healthy subjects (Espeseth et al., 2008; FennemaNotestine et al., 2011). So not only does APOE affect the risk of developing FTD, but it also
alters the severity and progression of neurodegeneration. APOE ε4 was shown to lead to
increased phosphorylated tau levels in Aβ accumulating mice (Inbar et al., 2010) and P301S
tauopathy mice (Shi et al., 2017). Therefore, apoE may impact on phosphorylated tau
expression which may further contribute to FTD development. However, the mechanism by
which apoE increases FTD risk remains unknown.
9
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APOE ε4 is also linked with inflammatory signalling and repair (Rubino et al., 2013). In the
brain, APOE is mostly produced by microglia and astrocytes (Liao et al., 2017). The ε4 allele
is associated with increased expression of the pro-inflammatory Toll-like (TLR)-4 receptor and
decreased expression of the anti-inflammatory signalling IL4 receptor (Tai et al., 2015). A
study reported that APOE ε4 allele increases cortical thinning and microgliosis and stimulated
a three-fold increase in IL1α/β and TNFα compared to ε3 allele carrying tauopathy mice (Shi
et al., 2017). It has since been discovered that the microglial activation (facilitated by APOE
ε4) is largely responsible for neurodegeneration in tauopathy mouse models, rather than tau
mediated neurotoxicity (Shi et al., 2019).

Fo

C-X-C chemokine receptor type 4 (CXCR4)
A variant in the gene encoding the chemokine receptor CXCR4 has been highlighted as an

rP

inflammatory-related gene which conveys a risk associated with PSP and PiD (Bonham et al.,
2018). This was supported by the detection of increased CXCR4 expression and activated

Human leukocyte antigen (HLA)

rR

ee

microglia in human FTD cases and P301L tau mouse model (Bonham et al., 2018).

One study found an overlap in genetic risk between FTD (excluding CBD and PSP) and

ev

immune-mediated diseases (Bonham et al., 2018). The genes in question centre around loci on
Chromosome 6 that correspond to the Human Leucocyte Antigen (HLA) region (which is rich

iew

in genes associated with microglial functions) - these included HLA-A, -C, -F, -DRA, and –
DRQ. Expression of several of these genes is particularly enriched in microglia compared to
other cells of the brain. In addition to HLA region genes, FTD susceptibility associations were
found at LRRK2, TBKBP1, TGBDP5 and MAPT loci, which are all co-expressed with the HLA
genes (Broce et al., 2018). Another study corroborated the interaction of LRRK2 and TBKBP1
with HLA region genes, as well as interactions between MAPT and HLA regions (Taskesen et
al., 2017), suggesting a genetic link between tau expression and a reactive microglial
phenotype. Another study found a single nucleotide polymorphism (rs9268877), in an
intergenic region between the HLA-DRA and HLA-DRB5 genes, to be a risk factor for both
FTD and Parkinson’s disease leading to the changed expression of several HLA genes (Ferrari
et al., 2017), with roles in clearing extracellular debris (Sokolowski and Mandell, 2011).
A meta-analysis comparing FTD (grouping bvFTD, SD, PNFA and FTD with motor neuron
disease) and controls identified 29 single nucleotide polymorphisms in the HLA region
10
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significantly associated with the disease. This included genes encoding for the human major
histocompatibility complex (MHC) associated genes BTNL2, HLA-DRA and HLA-DRB5
(Ferrari et al., 2014), emphasising the link between FTD and HLA and thus the role of the
innate (but also potentially for the adaptive) immune system in FTD.
HLA-DR expression, reflecting microglial activation, was reported increased in PSP
(Ishizawa and Dickson, 2001), furthermore, increased neuronal expression of HLA-DR was
found in two out of 14 cases of PiD (Hollister et al., 1997). The key function of MHC molecules
is to present antigen-derived peptides to T cells, and these data further support that an intricate
interplay between T cells, microglia and/or neurons may play an instrumental role in FTD
pathophysiology.

Fo

RAB38/Cathepsin C (CTSC)

rP

Two other gene variants associated with FTD, with relevance for cellular adaptive
immunity, were found at the RAB38 and CTSC loci. Both genes have roles in lysosomal

ee

function, signalling in immune cells and aid pathogenic phagocytosis (Ferrari et al., 2014).
This is of particular interest considering two FTD causing genes (CHMMP2B and GRN) are

rR

related to dysfunctions in lysosomal biology and may suggest a similar occurrence in taurelated FTD (Hardy and Rogaeva, 2014).

ev

Overall, the genetic data pertaining to inflammation-related genes and FTD highlights

iew

multiple genes that convey risk for the development of the disease. Often, these genes do not
usually provide risk for just one single neurodegenerative disorder but share risk between
various disease phenotypes. Thus, the expression of disease-related gene variants in different
parts of the brain may lead to the development of different disorders (Ferrari et al., 2016).
When comparing FTD, Alzheimer’s disease and Parkinson’s disease for genetic risk overlap,
FTD shares variants on loci for MAPT and HLA regions with Parkinson’s disease, and on loci
for APOE with Alzheimer’s disease (Ferrari et al., 2017). This genetic overlap implies that
various mutant loci summate to increase the disease risk for sporadic FTD rather than any
single gene being solely responsible for risk (with the exception of FTLD-MAPT cases).
Despite the identification of FTD risk factors associated with both innate and adaptive
immunity, our knowledge of the immune responses associated with primary tauopathies
remains scarce.

11
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Neuroinflammation in tauopathy mouse models
Microglia: Physiological roles
Microglia, the resident mononuclear phagocytes of the brain, are responsible for
coordinating and enacting responses to pathogenic and damaging material in the CNS.
Microglia are originally differentiated from myeloid progenitor cells in the embryonic yolk sac
and enter the CNS during early embryonic development (Ginhoux et al., 2010). They express
a unique pattern of genes that distinguishes them from other myeloid cells or other cell types
in the brain (Butovsky et al., 2014), driven by the expression of the anti-inflammatory cytokine,
transforming growth factor (TGF-β1) (Butovsky et al., 2013). In humans, microglia represent
0.5 to 16% of the total brain cells depending on the brain area (Mittelbronn et al., 2001), with

Fo

significantly more cells in the white than in grey matter. The microglial population remains
stable over the lifetime with a slow turn-over (Askew et al., 2017) as the average microglial

rP

lifespan is ~4 years in humans (based on 14C dating) (Reu et al., 2017). Despite this, they are
still the main identified proliferating cells in the human brain from the age of 3 years old

ee

(Dennis et al., 2016).

In the healthy brain, microglia display a homeostatic phenotype (Butovsky et al., 2014) with

rR

ramified morphology, small cell bodies and fine processes. Homeostatic microglia are highly
dynamic and motile cells, which help regulate synaptic plasticity and communication (Salter

ev

and Stevens, 2017). They also continually survey their microenvironment for potential
pathogen- or damage-associated molecular patterns (PAMPs and DAMPs), through pattern

iew

recognition receptors on their processes (Nimmerjahn et al., 2005). Upon discovery of
PAMPs/DAMPs, pro-inflammatory protein complexes known as inflammasomes are
subsequently activated. The microglial inflammasome NLRP3 (NOD-, LRR- and pyrin
domain-containing 3) responds to activation through two pathways: (i) the MyD88 (MYD88)–
nuclear factor-κB (NF-κB) pathway and (ii) through heterodimerisation and aggregation with
apoptosis-associated speck protein (ASC), which then activates caspase-1. The MYD88
pathway leads to the production of pro-IL1β and the caspase-1 pathway cleaves pro-IL1β to
IL1β, which then exerts its pro-inflammatory response on microglia (Amin et al., 2017; Heneka
et al., 2018). Once activated, microglia undergo a range of morphological changes as well as
increasing motility and proliferation, and altering their signalling patterns (Franco Bocanegra
et al., 2018; Franco-Bocanegra et al., 2019). They withdraw many of their branches and their
cell bodies take on a more ameboid shape. The cells can also migrate down a concentration
gradient of certain signalling molecules to the site of injury to phagocytose any debris. They
12
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also signal to other cells by releasing pro-inflammatory cytokines and chemokines such as
TNFα, IL1α, IL1β, IL6 and CCL2 (Wang et al., 2015) which propagate the immune response
to the injury. The homeostatic environment is re-established by negative feedback signalling
through anti-inflammatory cytokines including IL4, IL10 and IL13 (Lively and Schlichter,
2018), which inhibits the production of inflammatory cytokines (Lobo-Silva et al., 2016; Mori
et al., 2016) and decreases astrocytic activation (Brodie et al., 1998). Although the
inflammatory condition occurs naturally to prevent damage, it can become exacerbated and/or
protracted with microglia becoming chronically activated (Godbout et al., 2005). This means
that the inflammatory mechanism may become damaging rather than restorative, contributing
to the neurodegeneration observed in several diseases.

Fo

As part of the ageing process, microglia become more reactive with the upregulation of
genes coding for inflammasome signalling, Fcγ receptors and HLA (Cribbs et al., 2012).

rP

Morphologically, microglia change from highly ramified cells towards a more ameboid shape
with reduced branching and arborization of their processes (Davies et al., 2017). These changes

ee

suggest a loss of the microglial neuroprotective functions (Streit et al., 2014). This is consistent
with microglia acquiring a primed or trained phenotype as part of the disease process (Neher

rR

and Cunningham, 2019). A transcriptomic study in aged human microglia showed that ageing
causes loss- and gain-of-function changes to provide a unique age-related microglia phenotype

ev

(Olah et al., 2018). It is also now recognised that microglia will adopt different profiles partly
driven by their environment (Boche et al., 2013).

iew

Contribution to the spread of tau

To understand the impact of microglia on tau pathology, depletion of the microglial
population was performed by blocking the microglial specific Colony Stimulating Factor 1
receptor (CSF1R). CSFR1 inhibition by PLX3397 treatment (290mg/kg in chow, for 3 months
in 12-month-old mice) decreased microglia by ~30%, but this was insufficient to modify tau
pathology, astrocyte activation or neuronal loss in 15 months old Tg4510 mice (Bennett et al.,
2018). This may be due to a compensatory mechanism by the remaining microglia, which
showed increased CD68 and CX3CR1 expression, suggesting increased microglial
phagocytosis and migration (Bennett et al., 2018). Another study used a lower dose in younger
mice (45mg/kg, in 3.5-month-old mice) and showed an 80% loss of microglial population,
resulting in decreased tau propagation in the hippocampus by ~50% in Tau P301S mutant mice
and ~66% in an adenovirus P301L vector model (Asai et al., 2015). These findings were
13
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Brain

Page 14 of 51

confirmed in P301S mice with the CSFR1 inhibitor JNJ-527 that reduced the microgliosis to
control microglial numbers, with the consequence of also reducing the number of
neurofibrillary tangles (NfTs) and tau oligomers as well as decreasing the ratio of aggregated:
total tau (Mancuso et al., 2019). The manipulation of microglia in the context of tau pathology
supports the idea that they are central to the spread of tau from the early stages of the disease
when pathology develops.
The ‘spreading’ of tau describes the process by which pathological tau moves from cell to
cell. However, another form of tau propagation is ‘seeding’, where pathological tau formations
causing the aggregation and misfolding of normal monomeric tau (DeVos et al., 2018).
Although tau mRNA is not expressed by microglia, tau seeds were isolated and released from

Fo

microglia derived from Tg4510 mice and human tauopathies (Hopp et al., 2018). The NLRP3ASC inflammasome may be involved in this microglial propagation, with the inhibition of

rP

NLRP3 or a deficiency in ASC, reducing the seeding of exogenous and endogenous tau in
PS19 mice (Stancu et al., 2019). A similar reduction in phosphorylated tau was shown in THY-

ee

Tau22 mice with either ASC or NLRP3 knockouts.
Since pathological tau accumulates in neurons in FTLD-tau, the mechanism(s) by which it

rR

enters microglia are uncertain. It is acknowledged that physiological tau is secreted from
neurons as shown in vitro (Karch et al., 2012; Pooler et al., 2013) and in the extracellular

ev

compartment of mouse brains in vivo (Yamada et al., 2014). The degree to which neurons
secrete pathological tau is harder to ascertain. In vitro experiments showed phosphorylated tau

iew

release from neurons in exosomes which were then taken up by other neurons and microglia,
but not astrocytes (Wang et al., 2017). The propagation of tau from microglia to other
microglia/neurons is also hypothesised via the secretion of microglial exosomes (Asai et al.,
2015). Other pathways include microglia phagocytosing ghost tangles (which remain after the
death of the neuron) (Gendreau and Hall, 2013) or inactive synapses (Vogels et al., 2019)
(reported to contain tau (Zhou et al., 2017)) or through phagoptosis - the phagocytosis of live
cells (Brown and Neher, 2014).
Whilst microglia are known to participate in the spread of tau pathology, they can also
participate in its clearance following passive immunisation against tau (Luo et al., 2015). Then
questions arise of the factors involved in the switch of microglia from clearing tau to spreading
it. It may be that microglia are less able to process hyperphosphorylated tau or that microglia
themselves become dysfunctional in their ability to breakdown internalised material. The latter
suggestion is supported by the genetic evidence which identifies lysosomal related gene
mutations as risk factors for FTD.
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Neuroinflammatory environment
Links between phosphorylated tau and neuroinflammation have been observed in
experimental models. Mice overexpressing phosphorylated human tau (P301S) exhibit a
proinflammatory phenotype in the brain and spinal cord, particularly in close proximity to tau+
cells. This was characterised by high expression of IL1β and cyclooxygenase (COX)-2
(Bellucci et al., 2004), which are inflammatory molecules involved in the induction of neuronal
cell death (Andreasson et al., 2001). Interestingly, these findings were not replicated in mice
that overexpressed WT tau (ALZ17 mice) (Bellucci et al., 2004). Mice with a different variant
of phosphorylated tau (R406W) – and which develop tau inclusions primarily in neurons – also

Fo

exhibit astrogliosis (by GFAP) and microgliosis (by F4/80) (Ikeda et al., 2005). Similarly in
the P301L Tau mouse model, increased Iba1+ and MHCII+ microglia were seen close to cells

rP

containing phosphorylated tau, as also observed in PSP and PiD cases (Sasaki et al., 2008).
Tau may induce neuroinflammation through the NLRP3 inflammasome which is increased

ee

in THY-Tau22 mice and FTD patients (Ising et al., 2019). Indeed, tau seeds increase IL1β
release (a consequence of NLRP3-ASC activation) but not when ASC is knocked out. This

rR

suggests that tau seeds activate the NLRP3-ASC inflammasome to induce neuroinflammation
(Ising et al., 2019). Memory impairments are also rescued by ASC deficiency, which may point
leading to cognitive changes.

iew

Synaptic phagocytosis by microglia

ev

to inflammasome activation as an intermediate that activate microglia to phagocytose synapses,

Additional evidence for the link between synaptic phagocytosis by microglia and cognitive
changes comes from experimental studies. Microglial activation was shown to coincide with
the loss or impaired function of synapses in the hippocampus of PS19 mice (Yoshiyama et al.,
2007) and P301S mice in the cortex (Hoffmann et al., 2013). In both areas, this phenomenon
preceded NfT formation. Tg4510 mice also have a reduction in pre- and post-synaptic spines,
leading to a positional mismatch and reduced synaptic activity (Jackson et al., 2017), and the
electrophysiological activity of synapses in THY-Tau22 mice was similarly reduced with
decreased excitatory postsynaptic potentials (Burnouf et al., 2013; Ahmed et al., 2015). These
early synaptic changes are known to result from inflammatory processes through the actions of
glial cells (Henstridge et al., 2019). Interestingly the complement system may have a role in
the microglial led phagocytosis of synapses and seems to be of interest in different neurological
15
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conditions including Alzheimer’s disease and schizophrenia. In P301S mice, complement 1q
(C1q) was expressed on postsynaptic densities and its levels correlated with phosphorylated
tau levels, and inhibition of C1q reduced microglial synaptic removal (Dejanovic et al., 2018).
Upregulation of C1q in THY-Tau22 mice increased tau hyperphosphorylation and was
correlated with the loss of glutamatergic synapses (Carvalho et al., 2019).
Whilst microglia were found to participate in synaptic degeneration and mediate tau
propagation, phosphorylated tau per se can be toxic to microglia, with soluble tau extracted
from Alzheimer’s disease patients or THY-Tau22 mice leading to ~1% of primary microglia
remaining viable (Sanchez-Mejias et al., 2016).

Fo

Differences between the experimental models
Overall, experimental models support an interaction between tau and microglial activation

rP

leading to a pro-inflammatory environment. However, one of the main questions with respect
to inflammation and tau pathology is which comes first. In forms of tauopathy caused by

ee

genetic mutations in tau, and hence in mouse models, the mutation initiates the pathological
process. However, in sporadic forms, the process of events is less clear. PS19 mice, seem to

rR

display microglial activation and loss of synapses in the hippocampus before tangle formation
(PHF1) is found (Yoshiyama et al., 2007). However, another study in P301S mice reported that

ev

phosphorylated tau (PHF6 and AT8) was present at significant levels 3.5 months before
activation related changes were seen to microglial morphology or protein expression (van Olst

iew

et al., 2020). These differences suggest the microglial response is triggered by the build-up of
phosphorylated tau, before the formation of NfTs. Also comparing results in different models
can be challenging. For example, comparing THY-Tau22 mice and P301S mice revealed that
although both models had increased tau pathology, the THY-Tau22 mice had significantly less
phosphorylated tau (AT8, AT100 and AT180) compared to P301S mice. In addition, the THYTau22 mice had significantly less expression of genes related to microglial activation compared
to P301S (Romero-Molina et al., 2018). Despite their difference though, microglia activation
was a common feature of both models confirming the link between tau pathology and
neuroinflammation.

Astrocytes: Physiological roles
Astrocytes are star-shaped glial cells that are involved in maintaining the homeostasis of the
brain by providing nutrients for neurons (Prebil et al., 2011), stabilising the osmolarity of the
16
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extracellular environment and supporting synapses (Santello et al., 2019). Astrocytes
participate in gliotransmission at the synapse where they affect synaptic excitability through
the release of ATP, D-serine and glutamate (Halassa et al., 2007) or through ion, or
neurotransmitter uptake (Mederos et al., 2018). They also wrap end-feet around cerebral blood
vessels contributing to the blood-brain barrier and participate in neurovascular coupling
(Mishra et al., 2016). Besides these homeostatic functions, astrocytes are key players in
neuroinflammatory responses, responding to pathogens, CNS injuries, abnormal proteins and
inflammatory factors including cytokines, chemokines and neurotrophic factors as well as
releasing them (Farina et al., 2007). This has been shown to lead to astrogliosis via proinflammatory cytokine signalling (Penkowa et al., 1999; Herx and Yong, 2001) and the

Fo

propagation of the immune response by the secretion of chemokines such as CCL2 which is
involved in leukocyte recruitment (Babcock et al., 2003).

rP

It has been suggested that when astrocytes are activated, they may display one of at least
two phenotypes. A1 astrocytes are thought to be harmful as they upregulate complement

ee

proteins which lead to synaptic degradation. A2 astrocytes are thought to be neuroprotective,
with increased release of neurotrophic factors (Liddelow et al., 2017). The importance of

rR

bidirectional communication between microglia and astrocytes (via physical contacts and
secreted molecules) is also now well-acknowledged. Experimental studies imply that microglia

ev

define the functions of astrocytes. Activated microglia are important in this process as they
release TNFα, IL1α and C1q which promote astrocyte activation towards the A1 phenotype

iew

(Liddelow et al., 2017). Conversely, astrocytes appear to regulate microglial phenotypes and
functions including motility and phagocytosis (Jha et al., 2018). Ageing also seems to generate
an overall activating effect on astrocytes, leading to morphological changes e.g. shortening and
thickening of processes. Other age-related hallmarks include increased cell density and
increased expression of the astrocytic protein GFAP (glial fibrillary acidic protein) (Jyothi et
al., 2015). Like for microglia, different astrocyte profiles have been identified (Zamanian et
al., 2012) with one driven by ageing (Clarke et al., 2018), adding to the complexity of these
cells.

Astrocytes in tauopathy mouse models
Knowledge on the relationship between tau and astrocytes is scarce, but astrocytes may play
an important role in tauopathies with astrogliosis as a key feature in mouse models (Allen et
al., 2002; Laurent et al., 2014; Sidoryk-Wegrzynowicz et al., 2017). This is consistent with the
17
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presence of phosphorylated tau in astrocytes being documented in several FTLD subtypes (Fig.
3) (Komori et al., 1998; Kobayashi et al., 1999; Dickson et al., 2011). Astrocytes do not express
tau endogenously but are able to take up tau. This has been observed in vitro (Perea et al.,
2019) and in the PS19 mice with increased astrocytic lysosomal activity reported (MartiniStoica et al., 2018). In addition, expression of phosphorylated tau (P301L) under the control of
an astrocytic promoter led to the presence of tufted astrocytes and astrocytic plaques, as seen
in FTLD-tau (Forman et al., 2005).
Astrocyte dysfunction in tauopathies may have a knock-on effect on neurons. Wild-type or
P301S neurons co-cultured with P301S astrocytes have reduced survival rates compared to
neurons cultured with WT astrocytes (Sidoryk-Wegrzynowicz et al., 2017). Also, the transplant

Fo

of WT astrocytes into the cortex of P301S tau transgenic mice improved cortical neuronal cell
survival (Hampton et al., 2010).

rP

Whether this points towards the loss of the neuroprotective function in P301S astrocytes or
the gain of a neurotoxic phenotype in unsure. However an increase in astrocytic complement
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C3 gene and protein expression (as expected in neurotoxic A1 astrocytes (Liddelow et al.,
2017)) has been shown in P301S mice, and the knockout of C3 was shown to reduce brain

rR

atrophy and neurodegeneration (Wu et al., 2019). Similarly, increased C3 levels were seen in
microglia and astrocytes in PS19 mice; with the C3 knockout leading to a decrease in tau

ev

pathology as well as reduced gliosis and reduced neuronal and synaptic loss. Behaviourally the
PS19 C3ar-/- mice showed improved performance in a fear learning task compared to PS19

iew

WT mice (Litvinchuk et al., 2018). These studies support a link between tau pathology, C3
expression, and the destructive A1 astrocyte phenotype. Although, this remains to be explored
in human tauopathies.

Experimental models vs. human studies
Studying tauopathy and inflammation in animal models gives some insight into the relationship
between tau and innate immune cells (Table 2). Animal models are particularly useful to study
the earlier mechanisms of disease, as human tissue is mainly assessed post-mortem, although
recent imaging and biomarker studies provide some insight into earlier stages of disease.
However, several confounding factors separate the animal system from the human disease
condition. Firstly, only half of the human genomic DNA can be aligned to the mouse one,
meaning that expression profiles of both species vary considerably (Franco-Bocanegra et al.,
2018), which may lead to differences in the function of human and mouse microglia and
18
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astrocytes. Secondly, exposure of humans to infection during life is suspected to modify
microglia towards a primed phenotype (Neher and Cunningham, 2019) which increases their
response to further infections. As experimental animals are usually pathogen-free, these
inflammatory events are unlikely to occur and thus might mimic an irrelevant microglial
profile, especially in relation to chronic diseases affecting people later in life. Lastly, most
mouse models of tauopathies are overexpressing models which have an augmented increase in
phosphorylated tau expression, leading to exacerbated tau pathology that may not be reliably
reflective of the human tauopathies. For these reasons, disease mechanisms discovered through
the use of animal models must be interpreted with caution and, it is important to ensure findings
translate to the human.

Fo

Neuroinflammation in human FTLD-Tau

rP

Post mortem studies

ee

Due to the challenges of the clinical diagnosis of FTD and the availability of post-mortem
cases, studies into neuroinflammation in FTD tend to group different subtypes of the disease

rR

into a single cohort for comparison with controls, and thus do not attempt to make distinctions
between the different types of FTD, let alone the specific FTLD pathology. Most studies have

ev

used the common microglial markers Iba1 (Fig. 5a), CD68 and HLA-DR to monitor cell
number and level of activation. One study looking at unspecified FTD (n = 9, with no evidence

iew

of Pick’s bodies) saw two-fold increases in the number of GFAP+ astrocytes and CD68+
microglia in the frontal cortex, along with a marked decrease in neuronal density. However,
this was without a significant increase in tau pathology (PHF1) suggesting that cases were not
of the FTLD-tau subtype (Arnold et al., 2000). However, this highlighted that activated
microglia participate in the neurodegenerative process, independent of tau pathology, maybe
by phagocytosing dead neurons as emphasised by the use of CD68.
The presence of brain inflammation in specific FTLD-tau subtypes has only been reported
in a few post-mortem studies. Using semiquantitative analysis of CD68 immunohistochemistry,
microglial activation was compared between different subtypes of FTLD-tau, including eight
PiD, ten FTLD-MAPT and sixteen CBD/PSP cases (Lant et al., 2014). In general, compared
to controls, cases with FTLD had increased microglial activation in the frontal and temporal
cortex, but with a different pattern of cell distribution between the FTLD-tau subtypes. CD68+
cells were more numerous in the grey vs. white matter in PiD; whereas the opposite was
observed for FTLD-MAPT and PSP/CBD. Furthermore, there were increased numbers of
19
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CD68+ microglia in FTLD-MAPT cases compared to PSP/CBD. PiD microglial numbers were
between PSP/CBD and FTLD-MAPT levels but were not significantly different using a semiquantitative assessment (Lant et al., 2014).

Pick’s Disease
Interestingly one study found that in six PiD cases, microglial density (using Ki-M1P
antibody) was only increased in areas affected by PiD pathology. In the hippocampus,
microglial density was reduced and the cells were more amoeboid (Paulus et al., 1993). The
pathological characteristics of FTLD-tau with and without Pick’s inclusions appear to be
comparable, with similar levels of cerebral atrophy, astrogliosis and an increase above control

Fo

in the presence of activated microglia (particularly in the white matter). However, whilst severe
astrocytosis was common between subtypes, astrocytic tau inclusions were only present in PiD.

rP

The relationship between tau pathology and increased microglial activation was further
confirmed by another study with a significant correlation between phosphorylated tau (AT8)

ee

and microglial (CD68) densities in PiD. When splitting the analysis by the microglial
phenotype (ramified vs. ameboid), only amoeboid microglial density was significantly

rR

correlated with tau (Bevan-Jones et al., 2020). Colocalisation between a pan-tau marker and
white matter microglia (Schofield et al., 2003) was reported, supporting the findings from

ev

animal experiments which implies that immune cells take up tau from synapses and axons
(Burnouf et al., 2013), as well as some phagocytosis of extracellular tau (Majerova et al., 2014;

Progressive Supranuclear Palsy

iew

Das et al., 2020).

There is an added layer of complexity with respect to PSP, as the tau pathology primarily
affects subcortical (particularly motor) areas (Hauw et al., 1994), with cortical pathology
sometimes occurring in later stages of the disease (Bigio et al., 1999; Dickson et al., 2011).
Early studies have found evidence of overall increased inflammatory signals in PSP brains
(Kida et al., 1992; Komori et al., 1998), with recent studies revisiting this component of the
disease.
One study looking at five PSP and four controls found that the tau load (PHF1) was only
increased in PSP compared to controls in subcortical regions and not in the cortex. However,
the activated microglial burden (HLA-DR) was increased in frontal, temporal and motor
cortical regions as well as in several subcortical regions (particularly related to motor systems).
20
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Furthermore, there was a correlation between tau pathology and microglial burden in
subcortical motor systems (Ishizawa and Dickson, 2001). This implies that the subcortical
inflammation is related to the pathology but also that the cortical inflammation precedes and
potentially participates in the propagation of the tau pathology. This is consistent with the
findings from tau mice (Yoshiyama et al., 2007) and PET imaging (Bevan-Jones et al., 2019).
Furthermore, analysis of RNA extracted from various rain regions post mortem showed a
significant increase of IL1β in the substantia nigra in PSP (Fernandez-Botran et al., 2011).
Although carried out on small cohorts, these studies show an inflammatory response in the
subcortical regions in PSP, which is not surprising as these regions are associated with tau
pathology (basal ganglia, subthalamic nucleus and substantia nigra) (Hauw et al., 1994). The

Fo

cortical involvement in PSP at least remains to be further examined.

rP

Limitations of post mortem studies

These neuropathology studies are usually limited in the information they provide with

ee

regards to microglia due to the use of a few inflammatory markers. This is especially important
when it comes to exploring the phenotype of microglia, as it is now acknowledged that a single

rR

immunolabel is not sufficient to define their phenotype (Hopperton et al., 2018). This is due to
the spectrum of microglia functions and hence activation states which suggests that the

ev

historical bipartite classification (M1-like and M2-like) is an oversimplification (Boche et al.,
2013). In fact, using morphological characteristics or transcriptomic profiles, it was found up

iew

to 11 different classifications of microglia (Salamanca et al., 2019). Due to the difficulty in
attaining post mortem tissue, cohort sizes are often small in these studies, which limits the
statistical power of the findings. The tendency to group heterogeneous subtypes of the disease
also increases the likelihood of missing key features of FTLD-tau diseases. Furthermore, postmortem studies are limited to only the end stage of the disease, so the insight they provide in
terms of progression is minimal. This a limitation when addressing the role of
neuroinflammation in neurodegeneration, as neuroinflammatory patterns and their impact on
disease progression were suggested to vary according to disease stages. In addition, patients
with neurodegenerative disorders often developed co-morbidities which may have
consequences for the brain. Particularly relevant to neuroinflammation are peripheral
infections such as pneumonia, a common cause of death in dementia patients (Rakic et al.,
2018), or sepsis which can lead to microglia activation according some studies (Lemstra et al.,
2007; Widmann and Heneka, 2014).
21
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PET imaging
PET imaging is a valuable tool to monitor tau pathology and neuroinflammation in earlier
stages of disease. PET uses radioligands which specifically bind to receptors or molecules and
allow their abundance to be imaged and quantified in vivo. In this way, neuroinflammation can
be investigated during the course of neurodegenerative diseases in humans to provide some
insight to their aetiology. Microglial PET ligands bind to the translocator protein (TSPO)
expressed on the mitochondrial membrane of activated microglia. However, some TSPO
ligands also recognise macrophages, astrocytes and endothelial cells (Cosenza-Nashat et al.,
2009; Lavisse et al., 2012). The interpretation of the TSPO signal is limited, partly due to the

Fo

absence of knowledge regarding the microglial phenotypes recognised by the TSPO ligand
(Boche et al., 2019). As TSPO does not differentiate between functional profiles or subsets of

rP

microglia, astrocytes and/or macrophages, it may be fairer to describe a PET TSPO signal as
generally indicative of the overall magnitude of neuroinflammation. TSPO PET signal has

ee

though, been associated with tau pathology in PiD and PSP patients, in a similar pattern to Iba1
microglial marker in tissue (Maeda et al., 2011).

rR

The most commonly used TSPO ligand is [11C](R)‐PK11195, which has been employed in
small studies of neuroinflammation in FTD. In five FTD patients (PNFA, n = 4 and bvFTD, n

ev

= 1), a significant increase in [11C](R)‐PK11195 PET signal compared to controls was reported
in the left prefrontal cortex, right hippocampus and parahippocampal cortices, and bilaterally

iew

in the putamen. Such an increase in cortical neuroinflammation was also partially concurrent
with cerebral atrophy (Cagnin et al., 2004). [11C](R)‐PK11195 in combination with
[18F]AV‐1451 (tau and TDP-43 ligand) showed a strong association between both tracers in 10
bvFTD, 11 SD and 10 PNFA patients. Furthermore, heterogeneity in the spatial distribution of
[11C](R)‐PK11195 was associated with different FTD syndromes and able to differentiate
them better than with the differences observed in [18F]AV‐1451 distribution (Bevan-Jones et
al., 2020).
With regards to FTLD-tau, increased [11C](R)‐PK11195 binding was seen in the brainstem,
cerebellum and frontal lobe in four PSP patients compared to seven controls (Gerhard et al.,
2006). This observation was corroborated in a larger study with a significant increase of the
TSPO binding in subcortical regions of 13 PSP patients vs controls (Passamonti et al., 2018).
The PK11195 ligand presents some disadvantages such as low brain penetrance, high nonspecific binding (especially to blood plasma proteins) (Venneti et al., 2013) and thus other
22
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ligands have been developed to improve the signal to noise ratio. [18F]GE180 is a thirdgeneration ligand that has been utilised to explore neuroinflammation in PSP. Similarly to the
PK11195 ligand, an increased signal was detected in structures which typically show pathology
post mortem - midbrain, globus pallidus, and frontal lobe (Beyer et al., 2018). Another TSPO
ligand (11C-PBR28) confirmed the significantly increased neuroinflammation in FTD patients
(three bvFTD and one PNFA) in the frontal, temporal and parietal cortex (Kim et al., 2019).
The TSPO [3H]DAA1106 ligand showed a higher binding affinity for activated microglia than
PK11195 in post-mortem tissue, with the findings correlating with the CD68 immunolabelling
in ten unspecified FTD cases (Venneti et al., 2008). This ligand showed changes in three
presymptomatic carriers of FTLD-MAPT and increased neuroinflammation in the frontal,
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cingulate and occipital cortex in at least one of the patients, but the pattern of activation within
these three patients was different (Miyoshi et al., 2010), highlighting the heterogeneity of the

rP

inflammatory response in humans and the difficulty in interpreting the PET signal.
PET imaging provides a window into the inflammatory process during FTLD-tau disease,

ee

with a recent study (using the [11C](R)‐PK11195 ligand) showing that neuroinflammation
precedes tau pathology (tau PET ligand [18F]AV‐1451) and cortical atrophy in a patient with

rR

FTLD-MAPT (Bevan-Jones et al., 2019). However, small study sizes and the lack of a reliable
highly specific radioligand have made it difficult to confirm the role of neuroinflammation in

ev

the early stages of the disease. However, concurrent evidence supports microglia activation as
an early feature of FTLD-tau and emphasises the importance of neuroinflammation in the

Biomarkers in the CSF

iew

disease process.

Looking at other markers of neuroinflammation such as CSF levels of pro- and antiinflammatory cytokines may also provide important information during the course of the
disease. However, studies in FTD remains sparse. Analysis of the CSF of FTD patients
(subtype unspecified) showed raised levels of TNFα and decreased TGFβ (Sjogren et al.,
2004). Interestingly, decreased levels of CCL5 (known to be neuroprotective) was seen in
FTLD patients (defined as patients ‘without GRN mutations’ – as the study looks at the effects
of GRN mutations) along with increased CSF levels of monocyte chemoattractant protein-1
(MCP-1) (Galimberti et al., 2015), raising the possibility that mononuclear phagocyte
recruitment into the brain parenchyma might occur as part of the disease process, as suggested
in Alzheimer’s disease (Hickman and El Khoury, 2010). Increased levels of the astrogliosis
23
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Brain

Page 24 of 51

marker GFAP and anti-inflammatory marker YKL-40 have also been shown in FTD patients’
CSF compared to controls. Stratifying by disease protein (tau or TDP) and comorbidity with
ALS, pure FTLD-tau had the lowest CSF levels of GFAP and YKL-40 of all disease groups
(Abu-Rumeileh et al., 2019). Looking specifically at PSP patients, elevated levels of YKL-40
and IL-8 (a neutrophil chemotactic molecule) were detected in the CSF (Hall et al., 2018).
However, levels of various other cytokines (IFNγ, IL10, IL18, IL1β, IL4, IL6, TGFβ1, and
TNFα) were not different in the CSF of 39 PSP patients compared to 31 controls (Starhof et
al., 2018). Overall, these studies describe a general increase in neuroinflammation during
FTLD-tau that is detectable in the CSF, but further studies are required to explore this fully.
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Adaptive immunity in FTLD-tau
The role of adaptive immunity in FTLD-tau remains more elusive than innate immunity

rP

with sparse GWAS data supporting the involvement of risk genes at HLA regions and
RAB38/CTSC loci in FTD (Ferrari et al., 2014). Peripheral immune cells, particularly T cells,
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have been shown to infiltrate brain parenchyma in neurodegenerative diseases such as
Alzheimer’s disease and FTD (Togo et al., 2002; Laurent et al., 2017) (Fig. 5b). This

rR

infiltration was proposed to be associated with the disruption of the tight junctions between
endothelial cells which increases paracellular permeability (Stamatovic et al., 2008), and thus
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may facilitate peripheral cell recruitment. Microglia and astrocytes are known to alter the
blood-brain barrier (BBB) permeability through cytokine signalling (Prat et al., 2001) and
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along with activated peripheral T cells and macrophages, they can modify the permeability of
the BBB by releasing reactive oxygen species and other inflammatory factors (Persidsky et al.,
1999; Hudson et al., 2005). However, it is still unclear whether this cellular infiltration is
mostly such a passive pathological consequence, or part of a more complex physiological
immune response to brain pathology, including the specific recruitment of selected T cells.
An experimental study evaluated the expression of inflammatory markers in the
hippocampus of THY-Tau22 mice, from the start of tau pathology (3 months) to a later stage
(12 months) when pathology and memory deficits are established. Upregulation of mRNA and
protein of T-cell-attracting chemokines (CCL3, CCL4 and CCL5) was observed and correlated
with significant infiltration of CD8+ (cytotoxic) T cells in the hippocampus of THY-Tau22
mice. Unlike CD8+ T cells, parenchymal CD4+ (helper) T cells were barely observed in the
hippocampus of both THY-Tau22 mice and WT littermates at all ages. Notably, such
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infiltration of T cells occurred without significant alteration of the BBB in THY-Tau22 mice
(Laurent et al., 2017).
In a post-mortem study comparing T cell parenchymal infiltration across neurodegenerative
disorders (including two FTD without PiD, grouped with “other dementia”), there was no
difference in the number of CD3+ T cells compared to controls (Togo et al., 2002). The
exploration of the cerebral infiltration of CD8+ cells in three FTLD-MAPT patients (with Tau
P301L mutations) and age-matched controls showed whilst CD8+ T cells were exclusively
distributed along blood vessels in controls, both vascular and parenchymal CD8+ cells were
found in FTLD-MAPT patients, suggesting that tau pathology is associated with selective
parenchymal infiltration of CD8+ T cells (Laurent et al., 2017). Of note, although not

Fo

addressing tauopathies, previous studies showed a correlation between the extent of CD3+ T
cell infiltration and the load of phosphorylated tau in the brain of Alzheimer’s disease patients

rP

(Zotova et al., 2013). Correspondingly, frequency of extravascular CD3+ T cells was correlated
with tau but not amyloid pathology in the brains of Alzheimer’s disease patients, suggesting

ee

that T-cell extravasation is driven by tau-related neurodegenerative changes rather than by
cerebral amyloidosis (Merlini et al., 2018).

rR

Aside from parenchymal infiltration, changes in T cell biology have been shown in FTD.
Perivascular CD3+ T cells were detected in a patient with PSP who had Alzheimer’s like tau

ev

pathology and increased microglial activation (CD68+) (Dale et al., 2017). Also, a significant
decrease in the number of CD4+ lymphocytes expressing CTLA-4, a T-cell inhibitory receptor,

iew

has been reported in from FTD patients compared to controls (Santos et al., 2014).
Interestingly, a decrease in peripheral B and T cell populations in the blood of patients with
unspecified FTD compared to control patient was found. Such a decrease in cell number may
lead to increased activation of the remaining cell populations (Busse et al., 2017). Altogether
this suggests an altered homeostasis and/or activation pattern of T cells in FTD, which whilst
not highlighting a direct link to the disease supports a potential instrumental role of cellular
adaptive immunity in FTD pathophysiology. However, due to the overall limited number of
studies and cases investigated, the role of adaptive immunity in tauopathies remains to be
further investigated in both pre-clinical models and clinical studies.

Immunity in FTLD-TDP and FTLD-FUS
Tau aggregation is the most common pathology in frontotemporal lobar degeneration, with
FTLD less commonly occurring due to the aggregation of TDP43 or FUS. Evidence of
25
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microglial and astrocyte activation has been seen in animal models of TDP43 (Spiller et al.,
2018) and FUS proteinopathies(Huang et al., 2011). Furthermore astrocytic expression of FUS
has been shown to lead to increased pro-inflammatory signalling by astrocytes, leading to
microglial activation and neuronal death (Ajmone-Cat et al., 2019). This is also a suggested
mechanism by which TDP43 proteinopathies may cause neurodegeneration (Serio et al., 2013;
Sloan and Barres, 2013).
In a study investigating microglial activation in human FTLD, with comparison between
FTLD-tau/FUS/TDP pathologies, the authors showed increased expression (compared to
controls) of microglial phagocytic activity (marker CD68) in FLTD-tau and FTLD-TDP, but
not in FTLD-FUS. Of note, an increase in Iba1 burden was reported only in FTLD-tau and not

Fo

in FTLD-TDP or FUS. These data suggest that microglial activation may be more pronounced
in association with tau pathology, than FUS or TDP43 pathology (Woollacott et al., 2020).

rP

Further studies are required to fully understand the role of neuroinflammation in FTLD-TDP
and FTLD-FUS, and potential roles for adaptive immunity in FTLD-TDP or FUS still remain

rR

Conclusion

ee

to be explored.

The studies reviewed here highlight a link between neuroinflammation and FTLD-tau.

ev

GWAS hits related to FTD include loci for genes relevant to microglial function (TREM2,
TYROBP, and APOE) and TNFα signalling (LRRK2 and TBKBP1). This is supported by the

iew

(i) presence of microglial and astrocyte activation in various tau mouse models and in human
tauopathies, and (ii) increased TSPO-PET signal and inflammatory biomarkers in patients. The
increased neuroinflammation in response to tau pathology has been shown to lead to
neurodegeneration as microglia respond to neuronal damage in an increasingly uncontrolled
way, also inducing astrocytic activation. Microglia also play a role in the propagation of
phosphorylated tau in the brain. Whether microglia are involved in the initiation of tau
accumulation is as yet unclear, although genetics, experimental and human studies support this
concept.
As for the involvement of adaptive immunity, the evidence is less strong so far with
conflicting and limited human findings. However, the combination of GWAS data implicating
adaptive immunity-related genes (HLA/CTSC) and tissue studies confirming the presence of
recruited T cells in brain parenchyma in tauopathies, together with recent supporting studies in
mouse model, does provide a compelling case for the adaptive immune system involvement in
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FTLD-tau pathophysiology. Further studies in humans and preclinical models are still needed
to confirm its role and mechanistic involvement in the disease.

Acknowledgements
IH, DBl, GD, and DBo are supported by an Alzheimer’s Research UK grant (ARUKPG2018A-012). DBl is supported by funds from ANR (ADORASTrAU ANR-18-CE160008), Network of Centres of Excellence in Neurodegeneration (CoEN 5008) and Programs
d’Investissements d’Avenir LabEx (excellence laboratory) DISTALZ (Development of
Innovative Strategies for a Transdisciplinary approach to ALZheimer’s disease). GD is
supported by grants from Fondation Plan Alzheimer, Fondation pour la Recherche Médicale,

Fo

and LECMA/Fondation Vaincre Alzheimer.

rP

Competing interests

The authors report no competing interests.

rR

ee

References

iew

ev

Abu-Rumeileh S, Steinacker P, Polischi B, Mammana A, Bartoletti-Stella A, Oeckl P, et al.
CSF biomarkers of neuroinflammation in distinct forms and subtypes of neurodegenerative
dementia. Alzheimer's Res Ther 2019; 12(1): 2.
Agosta F, Vossel KA, Miller BL, Migliaccio R, Bonasera SJ, Filippi M, et al. Apolipoprotein
E epsilon4 is associated with disease-specific effects on brain atrophy in Alzheimer's disease
and frontotemporal dementia. Proc Natl Acad Sci U S A 2009; 106(6): 2018-22.
Ahmed T, Blum D, Burnouf S, Demeyer D, Buee-Scherrer V, D'Hooge R, et al. Rescue of
impaired late-phase long-term depression in a tau transgenic mouse model. Neurobiol Aging
2015; 36(2): 730-9.
Ajmone-Cat MA, Onori A, Toselli C, Stronati E, Morlando M, Bozzoni I, et al. Increased FUS
levels in astrocytes leads to astrocyte and microglia activation and neuronal death. Sci Rep
2019; 9(1): 4572.
Allen B, Ingram E, Takao M, Smith MJ, Jakes R, Virdee K, et al. Abundant Tau Filaments and
Nonapoptotic Neurodegeneration in Transgenic Mice Expressing Human P301S Tau Protein.
J Neurosci 2002; 22(21): 9340-51.
Amin J, Boche D, Rakic S. What do we know about the inflammasome in humans? Brain
Pathol 2017; 27(2): 192-204.
Andreasson KI, Savonenko A, Vidensky S, Goellner JJ, Zhang Y, Shaffer A, et al. Agedependent cognitive deficits and neuronal apoptosis in cyclooxygenase-2 transgenic mice. J
Neurosci 2001; 21(20): 8198-209.
Arnold SE, Han LY, Clark CM, Grossman M, Trojanowski JQ. Quantitative neurohistological
features of frontotemporal degeneration. Neurobiol Aging 2000; 21(6): 913-9.
27
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Brain

Page 28 of 51

iew

ev

rR

ee

rP

Fo

Asai H, Ikezu S, Tsunoda S, Medalla M, Luebke J, Haydar T, et al. Depletion of microglia and
inhibition of exosome synthesis halt tau propagation. Nat Neurosci 2015; 18(11): 1584-93.
Askew K, Li K, Olmos-Alonso A, Garcia-Moreno F, Liang Y, Richardson P, et al. Coupled
Proliferation and Apoptosis Maintain the Rapid Turnover of Microglia in the Adult Brain. Cell
Rep 2017; 18(2): 391-405.
Audrain M, Haure-Mirande J-V, Wang M, Kim SH, Fanutza T, Chakrabarty P, et al. Integrative
approach to sporadic Alzheimer's disease: deficiency of TYROBP in a tauopathy mouse model
reduces C1q and normalizes clinical phenotype while increasing spread and state of
phosphorylation of tau. Mol Psychiatry 2019; 24(9): 1383-97.
Babcock AA, Kuziel WA, Rivest S, Owens T. Chemokine Expression by Glial Cells Directs
Leukocytes to Sites of Axonal Injury in the CNS. J Neurosci 2003; 23(21): 7922-30.
Barker WW, Luis CA, Kashuba A, Luis M, Harwood DG, Loewenstein D, et al. Relative
frequencies of Alzheimer disease, Lewy body, vascular and frontotemporal dementia, and
hippocampal sclerosis in the State of Florida Brain Bank. Alzheimer Dis Assoc Disord 2002;
16(4): 203-12.
Bellucci A, Westwood AJ, Ingram E, Casamenti F, Goedert M, Spillantini MG. Induction of
inflammatory mediators and microglial activation in mice transgenic for mutant human P301S
tau protein. Am J Pathol 2004; 165(5): 1643-52.
Bemiller SM, McCray TJ, Allan K, Formica SV, Xu G, Wilson G, et al. TREM2 deficiency
exacerbates tau pathology through dysregulated kinase signaling in a mouse model of
tauopathy. Mol Neurodegener 2017; 12(1): 74.
Bennett RE, Bryant A, Hu M, Robbins AB, Hopp SC, Hyman BT. Partial reduction of
microglia does not affect tau pathology in aged mice. J Neuroinflammation 2018; 15(1): 311.
Bevan-Jones WR, Cope TE, Jones PS, Kaalund SS, Passamonti L, Allinson K, et al.
Neuroinflammation and protein aggregation co-localize across the frontotemporal dementia
spectrum. Brain 2020; 143(3): 1010-26.
Bevan-Jones WR, Cope TE, Jones PS, Passamonti L, Hong YT, Fryer T, et al. In vivo evidence
for pre-symptomatic neuroinflammation in a MAPT mutation carrier. Ann Clin Transl Neurol
2019; 6(2): 373-8.
Beyer L, Brendel M, Rohrer G, Sonnenfeld S, Nabling G, Lindner S, et al. Translocator Protein
18kDa (TSPO) Expression in Patients with Clinically Diagnosed Progressive Supranuclear
Palsy. J Nucl Med 2018; 59(supplement 1): 1700.
Bigio EH, Brown DF, White CL, 3rd. Progressive supranuclear palsy with dementia: cortical
pathology. J Neuropathol Exp Neurol 1999; 58(4): 359-64.
Boccardi M, Sabattoli F, Testa C, Beltramello A, Soininen H, Frisoni GB. APOE and
modulation of Alzheimer's and frontotemporal dementia. Neurosci Lett 2004; 356(3): 167-70.
Boche D, Gerhard A, Rodriguez-Vieitez E, Faculty M. Prospects and challenges of imaging
neuroinflammation beyond TSPO in Alzheimer's disease. Eur J Nucl Med Mol Imaging 2019;
46(13): 2831-47.
Boche D, Perry VH, Nicoll JA. Review: activation patterns of microglia and their identification
in the human brain. Neuropathol Appl Neurobiol 2013; 39(1): 3-18.
Bonham LW, Karch CM, Fan CC, Tan C, Geier EG, Wang Y, et al. CXCR4 involvement in
neurodegenerative diseases. Transl Psychiatry 2018; 8(1): 73.
28
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Page 29 of 51

Brain

iew

ev

rR

ee

rP

Fo

Borroni B, Ferrari F, Galimberti D, Nacmias B, Barone C, Bagnoli S, et al. Heterozygous
TREM2 mutations in frontotemporal dementia. Neurobiol Aging 2014; 35(4): 934.e7-10.
Bouwmeester T, Bauch A, Ruffner H, Angrand PO, Bergamini G, Croughton K, et al. A
physical and functional map of the human TNF-alpha/NF-kappa B signal transduction
pathway. Nat Cell Biol 2004; 6(2): 97-105.
Boxer AL, Gold M, Huey E, Gao FB, Burton EA, Chow T, et al. Frontotemporal degeneration,
the next therapeutic frontier: molecules and animal models for frontotemporal degeneration
drug development. Alzheimers Dement 2013; 9(2): 176-88.
Broce I, Karch CM, Wen N, Fan CC, Wang Y, Hong Tan C, et al. Immune-related genetic
enrichment in frontotemporal dementia: An analysis of genome-wide association studies. PLoS
Medicine 2018; 15(1): e1002487.
Brodie C, Goldreich N, Haiman T, Kazimirsky G. Functional IL-4 receptors on mouse
astrocytes: IL-4 inhibits astrocyte activation and induces NGF secretion. J Neuroimmunol
1998; 81(1-2): 20-30.
Brown GC, Neher JJ. Microglial phagocytosis of live neurons. Nat Rev Neurosci 2014; 15(4):
209-16.
Burnouf S, Martire A, Derisbourg M, Laurent C, Belarbi K, Leboucher A, et al. NMDA
receptor dysfunction contributes to impaired brain-derived neurotrophic factor-induced
facilitation of hippocampal synaptic transmission in a Tau transgenic model. Aging cell 2013;
12(1): 11-23.
Busse M, Michler E, von Hoff F, Dobrowolny H, Hartig R, Frodl T, et al. Alterations in the
Peripheral Immune System in Dementia. J Alzheimers Dis 2017; 58(4): 1303-13.
Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely G, et al.
Identification of a unique TGF-β–dependent molecular and functional signature in microglia.
Nat Neurosci 2013; 17: 131.
Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely G, et al.
Identification of a unique TGF-beta-dependent molecular and functional signature in
microglia. Nat Neurosci 2014; 17(1): 131-43.
Cagnin A, Rossor M, Sampson EL, Mackinnon T, Banati RB. In vivo detection of microglial
activation in frontotemporal dementia. Ann Neurol 2004; 56(6): 894-7.
Carvalho K, Faivre E, Pietrowski MJ, Marques X, Gomez-Murcia V, Deleau A, et al.
Exacerbation of C1q dysregulation, synaptic loss and memory deficits in tau pathology linked
to neuronal adenosine A2A receptor. Brain 2019; 142(11): 3636-54.
Chouery E, Delague V, Bergougnoux A, Koussa S, Serre JL, Megarbane A. Mutations in
TREM2 lead to pure early-onset dementia without bone cysts. Hum Mutat 2008; 29(9): E194204.
Clarke LE, Liddelow SA, Chakraborty C, Munch AE, Heiman M, Barres BA. Normal aging
induces A1-like astrocyte reactivity. Proc Natl Acad Sci U S A 2018; 115(8): E1896-e905.
Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, et al. Gene
dose of apolipoprotein E type 4 allele and the risk of Alzheimer's disease in late onset families.
Science 1993; 261(5123): 921-3.
Cosenza-Nashat M, Zhao ML, Suh HS, Morgan J, Natividad R, Morgello S, et al. Expression
of the translocator protein of 18 kDa by microglia, macrophages and astrocytes based on
29
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Brain

Page 30 of 51

iew

ev

rR

ee

rP

Fo

immunohistochemical localization in abnormal human brain. Neuropathol Appl Neurobiol
2009; 35(3): 306-28.
Cribbs DH, Berchtold NC, Perreau V, Coleman PD, Rogers J, Tenner AJ, et al. Extensive
innate immune gene activation accompanies brain aging, increasing vulnerability to cognitive
decline and neurodegeneration: a microarray study. J Neuroinflammation 2012; 9: 179-97.
Cuyvers E, Bettens K, Philtjens S, Van Langenhove T, Gijselinck I, van der Zee J, et al.
Investigating the role of rare heterozygous TREM2 variants in Alzheimer's disease and
frontotemporal dementia. Neurobiol Aging 2014; 35(3): 726.e11-9.
Dachsel JC, Ross OA, Mata IF, Kachergus J, Toft M, Cannon A, et al. Lrrk2 G2019S
substitution in frontotemporal lobar degeneration with ubiquitin-immunoreactive neuronal
inclusions. Acta Neuropathol 2007; 113(5): 601-6.
Dale M, Erten-Lyons D, Bittner F, Jong H-Y, Bourdette D, Woltjer R. Inflammatory pathology
and rapidly progressive dementia contribute to the classic PSP phenotype (P4.014). Neurology
2017; 88(16 Supplement): P4.014.
Darwent L, Carmona S, Lohmann E, Guven G, Kun-Rodrigues C, Bilgic B, et al. Mutations in
TYROBP are not a common cause of dementia in a Turkish cohort. Neurobiol Aging 2017; 58:
240.e1-.e3.
Das R, Balmik AA, Chinnathambi S. Phagocytosis of full-length Tau oligomers by Actinremodeling of activated microglia. J Neuroinflammation 2020; 17(1): 10.
Davies DS, Ma J, Jegathees T, Goldsbury C. Microglia show altered morphology and reduced
arborization in human brain during aging and Alzheimer's disease. Brain Pathol 2017; 27: 795808.
Dejanovic B, Huntley MA, De Mazière A, Meilandt WJ, Wu T, Srinivasan K, et al. Changes
in the Synaptic Proteome in Tauopathy and Rescue of Tau-Induced Synapse Loss by C1q
Antibodies. Neuron 2018; 100(6): 1322-36.e7.
Dennis CV, Suh LS, Rodriguez ML, Kril JJ, Sutherland GT. Human adult neurogenesis across
the ages: An immunohistochemical study. Neuropathol Appl Neurobiol 2016; 42(7): 621-38.
DeVos SL, Corjuc BT, Oakley DH, Nobuhara CK, Bannon RN, Chase A, et al. Synaptic Tau
Seeding Precedes Tau Pathology in Human Alzheimer's Disease Brain. Front Neurosci 2018;
12(267).
Dickson DW, Kouri N, Murray ME, Josephs KA. Neuropathology of frontotemporal lobar
degeneration-tau (FTLD-tau). J Mol Neurosci 2011; 45(3): 384-9.
Espeseth T, Westlye LT, Fjell AM, Walhovd KB, Rootwelt H, Reinvang I. Accelerated agerelated cortical thinning in healthy carriers of apolipoprotein E epsilon 4. Neurobiol Aging
2008; 29(3): 329-40.
Fahrenhold M, Rakic S, Classey J, Brayne C, Ince PG, Nicoll JAR, et al. TREM2 expression
in the human brain: a marker of monocyte recruitment? Brain Pathol 2018; 28(5): 595-602.
Farina C, Aloisi F, Meinl E. Astrocytes are active players in cerebral innate immunity. Trends
Immunol 2007; 28(3): 138-45.
Farrer LA, Cupples LA, Haines JL, Hyman B, Kukull WA, Mayeux R, et al. Effects of age,
sex, and ethnicity on the association between apolipoprotein E genotype and Alzheimer
disease. A meta-analysis. APOE and Alzheimer Disease Meta Analysis Consortium. Jama
1997; 278(16): 1349-56.
30
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Page 31 of 51

Brain

iew

ev

rR

ee

rP

Fo

Fennema-Notestine C, Panizzon MS, Thompson WR, Chen CH, Eyler LT, Fischl B, et al.
Presence of ApoE ε4 allele associated with thinner frontal cortex in middle age. J Alzheimers
Dis 2011; 26 Suppl 3(Suppl 3): 49-60.
Fernandez-Botran R, Ahmed Z, Crespo FA, Gatenbee C, Gonzalez J, Dickson DW, et al.
Cytokine expression and microglial activation in progressive supranuclear palsy. Parkinsonism
Relat 2011; 17(9): 683-8.
Ferrari R, Forabosco P, Vandrovcova J, Botia JA, Guelfi S, Warren JD, et al. Frontotemporal
dementia: insights into the biological underpinnings of disease through gene co-expression
network analysis. Mol Neurodegener 2016; 11: 21.
Ferrari R, Hernandez DG, Nalls MA, Rohrer JD, Ramasamy A, Kwok JB, et al. Frontotemporal
dementia and its subtypes: a genome-wide association study. Lancet Neurol 2014; 13(7): 68699.
Ferrari R, Wang Y, Vandrovcova J, Guelfi S, Witeolar A, Karch CM, et al. Genetic architecture
of sporadic frontotemporal dementia and overlap with Alzheimer's and Parkinson's diseases. J
Neurol Neurosurg Psychiatry 2017; 88(2): 152-64.
Forman MS, Farmer J, Johnson JK, Clark CM, Arnold SE, Coslett HB, et al. Frontotemporal
dementia: clinicopathological correlations. Ann Neurol 2006; 59(6): 952-62.
Forman MS, Lal D, Zhang B, Dabir DV, Swanson E, Lee VM-Y, et al. Transgenic Mouse
Model of Tau Pathology in Astrocytes Leading to Nervous System Degeneration. J Neurosci
2005; 25(14): 3539-50.
Franco-Bocanegra DK, McAuley C, Nicoll JAR, Boche D. Molecular Mechanisms of
Microglial Motility: Changes in Ageing and Alzheimer's Disease. Cells 2019; 8(6).
Franco-Bocanegra DK, Nicoll JAR, Boche D. Innate immunity in Alzheimer's disease: the
relevance of animal models? J Neural Trans 2018; 125(5): 827-46.
Galimberti D, Bonsi R, Fenoglio C, Serpente M, Cioffi SM, Fumagalli G, et al. Inflammatory
molecules in Frontotemporal Dementia: cerebrospinal fluid signature of progranulin mutation
carriers. Brain Behav Immun 2015; 49: 182-7.
Gendreau KL, Hall GF. Tangles, Toxicity, and Tau Secretion in AD - New Approaches to a
Vexing Problem. Front Neurol 2013; 4: 160-.
Gerhard A, Trender-Gerhard I, Turkheimer F, Quinn NP, Bhatia KP, Brooks DJ. In vivo
imaging of microglial activation with [11C](R)-PK11195 PET in progressive supranuclear
palsy. Mov Disord 2006; 21(1): 89-93.
Geschwind D, Karrim J, Nelson SF, Miller B. The apolipoprotein E epsilon4 allele is not a
significant risk factor for frontotemporal dementia. Ann Neurol 1998; 44(1): 134-8.
Ghetti B, Oblak AL, Boeve BF, Johnson KA, Dickerson BC, Goedert M. Invited review:
Frontotemporal dementia caused by microtubule-associated protein tau gene (MAPT)
mutations: a chameleon for neuropathology and neuroimaging. Neuropathol Appl Neurobiol
2015; 41(1): 24-46.
Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, et al. Fate mapping analysis
reveals that adult microglia derive from primitive macrophages. Science 2010; 330(6005): 8415.
Giraldo M, Lopera F, Siniard AL, Corneveaux JJ, Schrauwen I, Carvajal J, et al. Variants in
triggering receptor expressed on myeloid cells 2 are associated with both behavioral variant
31
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Brain

Page 32 of 51

iew

ev

rR

ee

rP

Fo

frontotemporal lobar degeneration and Alzheimer's disease. Neurobiol Aging 2013; 34(8):
2077.e11-8.
Godbout JP, Chen J, Abraham J, Richwine AF, Berg BM, Kelley KW, et al. Exaggerated
neuroinflammation and sickness behavior in aged mice following activation of the peripheral
innate immune system. Faseb J 2005; 19(10): 1329-31.
Gorno-Tempini ML, Hillis AE, Weintraub S, Kertesz A, Mendez M, Cappa SF, et al.
Classification of primary progressive aphasia and its variants. Neurology 2011; 76(11): 100614.
Guerreiro RJ, Lohmann E, Bras JM, Gibbs JR, Rohrer JD, Gurunlian N, et al. Using exome
sequencing to reveal mutations in TREM2 presenting as a frontotemporal dementia-like
syndrome without bone involvement. JAMA Neurol 2013; 70(1): 78-84.
Halassa MM, Fellin T, Haydon PG. The tripartite synapse: roles for gliotransmission in health
and disease. Trends Mol Med 2007; 13(2): 54-63.
Hall S, Janelidze S, Surova Y, Widner H, Zetterberg H, Hansson O. Cerebrospinal fluid
concentrations of inflammatory markers in Parkinson's disease and atypical parkinsonian
disorders. Sci Rep 2018; 8(1): 13276.
Hampton DW, Webber DJ, Bilican B, Goedert M, Spillantini MG, Chandran S. Cell-mediated
neuroprotection in a mouse model of human tauopathy. J Neurosci 2010; 30(30): 9973-83.
Hardy J, Rogaeva E. Motor neuron disease and frontotemporal dementia: sometimes related,
sometimes not. Exp Neurol 2014; 262: 75-83.
Harvey RJ, Skelton-Robinson M, Rossor MN. The prevalence and causes of dementia in people
under the age of 65 years. J Neurol Neurosurg Psychiatry 2003; 74(9): 1206-9.
Hauw JJ, Daniel SE, Dickson D, Horoupian DS, Jellinger K, Lantos PL, et al. Preliminary
NINDS neuropathologic criteria for Steele-Richardson-Olszewski syndrome (progressive
supranuclear palsy). Neurology 1994; 44(11): 2015-9.
Henderson MX, Sengupta M, Trojanowski JQ, Lee VMY. Alzheimer’s disease tau is a
prominent pathology in LRRK2 Parkinson’s disease. Acta Neuropathol Commun 2019; 7(1):
183.
Heneka MT, McManus RM, Latz E. Inflammasome signalling in brain function and
neurodegenerative disease. Nat Rev Neurosci 2018; 19(10): 610-21.
Henstridge CM, Tzioras M, Paolicelli RC. Glial Contribution to Excitatory and Inhibitory
Synapse Loss in Neurodegeneration. Front Cell Neurosci 2019; 13: 63.
Herx LM, Yong VW. Interleukin-1β is Required for the Early Evolution of Reactive
Astrogliosis Following CNS Lesion. J Neuropathol Exp Neurol 2001; 60(10): 961-71.
Hickman SE, El Khoury J. Mechanisms of mononuclear phagocyte recruitment in Alzheimer's
disease. CNS Neurol Disord Drug Targets 2010; 9(2): 168-73.
Hodges JR, Davies RR, Xuereb JH, Casey B, Broe M, Bak TH, et al. Clinicopathological
correlates in frontotemporal dementia. Ann Neurol 2004; 56(3): 399-406.
Hodges JR, Patterson K. Semantic dementia: a unique clinicopathological syndrome. Lancet
Neurol 2007; 6(11): 1004-14.
Hoffmann NA, Dorostkar MM, Blumenstock S, Goedert M, Herms J. Impaired plasticity of
cortical dendritic spines in P301S tau transgenic mice. Acta Neuropathol Commun 2013; 1: 82.

32
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Page 33 of 51

Brain

iew

ev

rR

ee

rP

Fo

Hogan DB, Jette N, Fiest KM, Roberts JI, Pearson D, Smith EE, et al. The Prevalence and
Incidence of Frontotemporal Dementia: a Systematic Review. Can J Neurol Sci 2016; 43 Suppl
1: S96-s109.
Hollister RD, Xia M, McNamara MJ, Hyman BT. Neuronal expression of class II major
histocompatibility complex (HLA-DR) in 2 cases of Pick disease. Arch Neurol 1997; 54(3):
243-8.
Hopp SC, Lin Y, Oakley D, Roe AD, DeVos SL, Hanlon D, et al. The role of microglia in
processing and spreading of bioactive tau seeds in Alzheimer's disease. J Neuroinflammation
2018; 15(1): 269.
Hopperton KE, Mohammad D, Trepanier MO, Giuliano V, Bazinet RP. Markers of microglia
in post-mortem brain samples from patients with Alzheimer's disease: a systematic review. Mol
Psychiatry 2018; 23(2): 177-98.
Huang C, Zhou H, Tong J, Chen H, Liu YJ, Wang D, et al. FUS transgenic rats develop the
phenotypes of amyotrophic lateral sclerosis and frontotemporal lobar degeneration. PLoS
genetics 2011; 7(3): e1002011.
Hudson LC, Bragg DC, Tompkins MB, Meeker RB. Astrocytes and microglia differentially
regulate trafficking of lymphocyte subsets across brain endothelial cells. Brain Res 2005;
1058(1-2): 148-60.
Ikeda M, Shoji M, Kawarai T, Kawarabayashi T, Matsubara E, Murakami T, et al.
Accumulation of filamentous tau in the cerebral cortex of human tau R406W transgenic mice.
Am J Pathol 2005; 166(2): 521-31.
Inbar D, Belinson H, Rosenman H, Michaelson DM. Possible role of tau in mediating
pathological effects of apoE4 in vivo prior to and following activation of the amyloid cascade.
Neurodegener Dis 2010; 7(1-3): 16-23.
Ishizawa K, Dickson DW. Microglial activation parallels system degeneration in progressive
supranuclear palsy and corticobasal degeneration. J Neuropathol Exp Neurol 2001; 60(6): 64757.
Ising C, Venegas C, Zhang S, Scheiblich H, Schmidt SV, Vieira-Saecker A, et al. NLRP3
inflammasome activation drives tau pathology. Nature 2019; 575(7784): 669-73.
Jackson JS, Witton J, Johnson JD, Ahmed Z, Ward M, Randall AD, et al. Altered Synapse
Stability in the Early Stages of Tauopathy. Cell Rep 2017; 18(13): 3063-8.
Jha MK, Kim JH, Song GJ, Lee WH, Lee IK, Lee HW, et al. Functional dissection of astrocytesecreted proteins: Implications in brain health and diseases. Prog Neurobiol 2018; 162: 37-69.
Jiang T, Tan L, Zhu X-C, Zhou J-S, Cao L, Tan M-S, et al. Silencing of TREM2 exacerbates
tau pathology, neurodegenerative changes, and spatial learning deficits in P301S tau transgenic
mice. Neurobiol Aging 2015; 36(12): 3176-86.
Jiang T, Zhang Y-D, Gao Q, Ou Z, Gong P-Y, Shi J-Q, et al. TREM2 Ameliorates Neuronal
Tau Pathology Through Suppression of Microglial Inflammatory Response. Inflammation
2018; 41(3): 811-23.
Josephs KA, Hodges JR, Snowden JS, Mackenzie IR, Neumann M, Mann DM, et al.
Neuropathological background of phenotypical variability in frontotemporal dementia. Acta
Neuropathol 2011; 122(2): 137-53.

33
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Brain

Page 34 of 51

iew

ev

rR

ee

rP

Fo

Josephs KA, Petersen RC, Knopman DS, Boeve BF, Whitwell JL, Duffy JR, et al.
Clinicopathologic analysis of frontotemporal and corticobasal degenerations and PSP.
Neurology 2006; 66(1): 41-8.
Jyothi HJ, Vidyadhara DJ, Mahadevan A, Philip M, Parmar SK, Manohari SG, et al. Aging
causes morphological alterations in astrocytes and microglia in human substantia nigra pars
compacta. Neurobiol Aging 2015; 36(12): 3321-33.
Kaneko M, Sano K, Nakayama J, Amano N. Nasu-Hakola disease: The first case reported by
Nasu and review. Neuropathology 2010; 30(5): 463-70.
Karch CM, Jeng AT, Goate AM. Extracellular Tau levels are influenced by variability in Tau
that is associated with tauopathies. J Biol Chem 2012; 287(51): 42751-62.
Kertesz A, McMonagle P, Blair M, Davidson W, Munoz DG. The evolution and pathology of
frontotemporal dementia. Brain 2005; 128(Pt 9): 1996-2005.
Kida E, Barcikowska M, Niemczewska M. Immunohistochemical study of a case with
progressive supranuclear palsy without ophthalmoplegia. Acta Neuropathol 1992; 83(3): 32832.
Kiialainen A, Hovanes K, Paloneva J, Kopra O, Peltonen L. Dap12 and Trem2, molecules
involved in innate immunity and neurodegeneration, are co-expressed in the CNS. Neurobiol
Dis 2005; 18(2): 314-22.
Kim MJ, McGwier M, Jenko KJ, Snow J, Morse C, Zoghbi SS, et al. Neuroinflammation in
frontotemporal lobar degeneration revealed by 11C-PBR28 PET. Ann Clin Transl Neurol
2019; 6(7): 1327-31.
Kleinberger G, Yamanishi Y, Suarez-Calvet M, Czirr E, Lohmann E, Cuyvers E, et al. TREM2
mutations implicated in neurodegeneration impair cell surface transport and phagocytosis. Sci
Transl Med 2014; 6(243): 243ra86.
Knopman DS, Boeve BF, Parisi JE, Dickson DW, Smith GE, Ivnik RJ, et al. Antemortem
diagnosis of frontotemporal lobar degeneration. Ann Neurol 2005; 57(4): 480-8.
Kobayashi K, Hayashi M, Fukutani Y, Miyazu K, Shiozawa M, Muramori F, et al. KP1
expression of ghost Pick bodies, amyloid P-positive astrocytes and selective nigral
degeneration in early onset Picks disease. Clin Neuropathol 1999; 18(5): 240-9.
Kober DL, Alexander-Brett JM, Karch CM, Cruchaga C, Colonna M, Holtzman MJ, et al.
Neurodegenerative disease mutations in TREM2 reveal a functional surface and distinct lossof-function mechanisms. eLife 2016; 5.
Komori T, Shibata N, Kobayashi M, Sasaki S, Iwata M. Inducible nitric oxide synthase (iNOS)like immunoreactivity in argyrophilic, tau-positive astrocytes in progressive supranuclear
palsy. Acta Neuropathol 1998; 95(4): 338-44.
Kosik KS, Orecchio LD, Bakalis S, Neve RL. Developmentally regulated expression of
specific tau sequences. Neuron 1989; 2(4): 1389-97.
Kovacs GG. Invited review: Neuropathology of tauopathies: principles and practice.
Neuropathol Appl Neurobiol 2015; 41(1): 3-23.
Krabbe G, Minami SS, Etchegaray JI, Taneja P, Djukic B, Davalos D, et al. Microglial
NFkappaB-TNFalpha hyperactivation induces obsessive-compulsive behavior in mouse
models of progranulin-deficient frontotemporal dementia. Proc Natl Acad Sci U S A 2017.

34
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Page 35 of 51

Brain

iew

ev

rR

ee

rP

Fo

Lant SB, Robinson AC, Thompson JC, Rollinson S, Pickering-Brown S, Snowden JS, et al.
Patterns of microglial cell activation in frontotemporal lobar degeneration. Neuropathol Appl
Neurobiol 2014; 40(6): 686-96.
Lattante S, Le Ber I, Camuzat A, Dayan S, Godard C, Van Bortel I, et al. TREM2 mutations
are rare in a French cohort of patients with frontotemporal dementia. Neurobiol Aging 2013;
34(10): 2443.e1-2.
Laurent C, Dorothee G, Hunot S, Martin E, Monnet Y, Duchamp M, et al. Hippocampal T cell
infiltration promotes neuroinflammation and cognitive decline in a mouse model of tauopathy.
Brain 2017; 140: 184-200.
Laurent C, Eddarkaoui S, Derisbourg M, Leboucher A, Demeyer D, Carrier S, et al. Beneficial
effects of caffeine in a transgenic model of Alzheimer's disease-like tau pathology. Neurobiol
Aging 2014; 35(9): 2079-90.
Lavisse S, Guillermier M, Herard AS, Petit F, Delahaye M, Van Camp N, et al. Reactive
astrocytes overexpress TSPO and are detected by TSPO positron emission tomography
imaging. J Neurosci 2012; 32(32): 10809-18.
Lemstra AW, Groen in't Woud JC, Hoozemans JJ, van Haastert ES, Rozemuller AJ,
Eikelenboom P, et al. Microglia activation in sepsis: a case-control study. J Neuroinflammation
2007; 4: 4.
Leyns CEG, Gratuze M, Narasimhan S, Jain N, Koscal LJ, Jiang H, et al. TREM2 function
impedes tau seeding in neuritic plaques. Nat Neurosci 2019.
Leyns CEG, Ulrich JD, Finn MB, Stewart FR, Koscal LJ, Remolina Serrano J, et al. TREM2
deficiency attenuates neuroinflammation and protects against neurodegeneration in a mouse
model of tauopathy. Proc Natl Acad Sci 2017; 114(43): 11524-9.
Liao F, Yoon H, Kim J. Apolipoprotein E metabolism and functions in brain and its role in
Alzheimer's disease. Curr Opin Lipidol 2017; 28(1): 60-7.
Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, et al.
Neurotoxic reactive astrocytes are induced by activated microglia. Nature 2017; 541(7638):
481-7.
Lill CM, Rengmark A, Pihlstrom L, Fogh I, Shatunov A, Sleiman PM, et al. The role of
TREM2 R47H as a risk factor for Alzheimer's disease, frontotemporal lobar degeneration,
amyotrophic lateral sclerosis, and Parkinson's disease. Alzheimers Dement 2015; 11(12): 140716.
Ling H, Kara E, Bandopadhyay R, Hardy J, Holton J, Xiromerisiou G, et al. TDP-43 pathology
in a patient carrying G2019S LRRK2 mutation and a novel p.Q124E MAPT. Neurobiol Aging
2013; 34(12): 2889.e5-9.
Linnartz B, Wang Y, Neumann H. Microglial immunoreceptor tyrosine-based activation and
inhibition motif signaling in neuroinflammation. Int J Alzheimers Dis 2010; 2010.
Litvinchuk A, Wan Y-W, Swartzlander DB, Chen F, Cole A, Propson NE, et al. Complement
C3aR Inactivation Attenuates Tau Pathology and Reverses an Immune Network Deregulated
in Tauopathy Models and Alzheimer's Disease. Neuron 2018; 100(6): 1337-53.e5.
Lively S, Schlichter LC. Microglia Responses to Pro-inflammatory Stimuli (LPS, IFNγ+TNFα)
and Reprogramming by Resolving Cytokines (IL-4, IL-10). Front Cell Neurosci 2018; 12: 215.

35
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Brain

Page 36 of 51

iew

ev

rR

ee

rP

Fo

Lladó A, Sánchez-Valle R, Rey MJ, Ezquerra M, Tolosa E, Ferrer I, et al. Clinicopathological
and genetic correlates of frontotemporal lobar degeneration and corticobasal degeneration. J
Neurol 2008; 255(4): 488-94.
Lobo-Silva D, Carriche GM, Castro AG, Roque S, Saraiva M. Balancing the immune response
in the brain: IL-10 and its regulation. J Neuroinflammation 2016; 13(1): 297.
Luo W, Liu W, Hu X, Hanna M, Caravaca A, Paul SM. Microglial internalization and
degradation of pathological tau is enhanced by an anti-tau monoclonal antibody. Sci Rep 2015;
5: 11161.
Maeda J, Zhang MR, Okauchi T, Ji B, Ono M, Hattori S, et al. In vivo positron emission
tomographic imaging of glial responses to amyloid-beta and tau pathologies in mouse models
of Alzheimer's disease and related disorders. J Neurosci 2011; 31(12): 4720-30.
Majerova P, Zilkova M, Kazmerova Z, Kovac A, Paholikova K, Kovacech B, et al. Microglia
display modest phagocytic capacity for extracellular tau oligomers. J Neuroinflammation 2014;
11: 161.
Mancuso R, Fryatt G, Cleal M, Obst J, Pipi E, Monzón-Sandoval J, et al. CSF1R inhibitor JNJ40346527 attenuates microglial proliferation and neurodegeneration in P301S mice. Brain
2019; 142(10): 3243-64.
Martini-Stoica H, Cole AL, Swartzlander DB, Chen F, Wan YW, Bajaj L, et al. TFEB enhances
astroglial uptake of extracellular tau species and reduces tau spreading. J Exp Med 2018;
215(9): 2355-77.
Mederos S, González-Arias C, Perea G. Astrocyte-Neuron Networks: A Multilane Highway of
Signaling for Homeostatic Brain Function. Front Synaptic Neurosci 2018; 10: 45-.
Merlini M, Kirabali T, Kulic L, Nitsch RM, Ferretti MT. Extravascular CD3+ T Cells in Brains
of Alzheimer Disease Patients Correlate with Tau but Not with Amyloid Pathology: An
Immunohistochemical Study. Neurodegener Dis 2018; 18(1): 49-56.
Mishra A, Posthuma D, Hardy J, Ferrari R, Heutink P, Pijnenburg Y. Gene-based association
studies report genetic links for clinical subtypes of frontotemporal dementia. Brain 2017;
140(5): 1437-46.
Mishra A, Reynolds JP, Chen Y, Gourine AV, Rusakov DA, Attwell D. Astrocytes mediate
neurovascular signaling to capillary pericytes but not to arterioles. Nat Neurosci 2016; 19(12):
1619-27.
Mittelbronn M, Dietz K, Schluesener HJ, Meyermann R. Local distribution of microglia in the
normal adult human central nervous system differs by up to one order of magnitude. Acta
Neuropathol 2001; 101(3): 249-55.
Miyoshi M, Shinotoh H, Wszolek ZK, Strongosky AJ, Shimada H, Arakawa R, et al. In vivo
detection of neuropathologic changes in presymptomatic MAPT mutation carriers: a PET and
MRI study. Parkinsonism Relat 2010; 16(6): 404-8.
Moehle MS, Webber PJ, Tse T, Sukar N, Standaert DG, DeSilva TM, et al. LRRK2 inhibition
attenuates microglial inflammatory responses. J Neurosci 2012; 32(5): 1602-11.
Mori S, Maher P, Conti B. Neuroimmunology of the Interleukins 13 and 4. Brain Sci 2016;
6(2): 18.
Neher JJ, Cunningham C. Priming Microglia for Innate Immune Memory in the Brain. Trends
Immunol 2019.
36
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Page 37 of 51

Brain

iew

ev

rR

ee

rP

Fo

Nguyen APT, Daniel G, Valdés P, Islam MS, Schneider BL, Moore DJ. G2019S LRRK2
enhances the neuronal transmission of tau in the mouse brain. Hum Mol Genet 2018; 27(1):
120-34.
Nilsson C, Landqvist Waldö M, Nilsson K, Santillo A, Vestberg S. Age-related incidence and
family history in frontotemporal dementia: data from the Swedish Dementia Registry. PLoS
One 2014; 9(4): e94901.
Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are highly dynamic
surveillants of brain parenchyma in vivo. Science 2005; 308(5726): 1314-8.
Olah M, Patrick E, Villani AC, Xu J, White CC, Ryan KJ, et al. A transcriptomic atlas of aged
human microglia. Nature Commun 2018; 9(1): 539.
Onyike CU, Diehl-Schmid J. The epidemiology of frontotemporal dementia. Int Rev
Psychiatry 2013; 25(2): 130-7.
Paloneva J, Kestila M, Wu J, Salminen A, Bohling T, Ruotsalainen V, et al. Loss-of-function
mutations in TYROBP (DAP12) result in a presenile dementia with bone cysts. Nat Genet
2000; 25(3): 357-61.
Passamonti L, Rodriguez PV, Hong YT, Allinson KSJ, Bevan-Jones WR, Williamson D, et al.
[(11)C]PK11195 binding in Alzheimer disease and progressive supranuclear palsy. Neurology
2018; 90(22): e1989-e96.
Paulus W, Bancher C, Jellinger K. Microglial reaction in Pick's disease. Neurosci Lett 1993;
161(1): 89-92.
Penkowa M, Moos T, Carrasco J, Hadberg H, Molinero A, Bluethmann H, et al. Strongly
compromised inflammatory response to brain injury in interleukin-6-deficient mice. Glia 1999;
25(4): 343-57.
Perea JR, López E, Díez-Ballesteros JC, Ávila J, Hernández F, Bolós M. Extracellular
Monomeric Tau Is Internalized by Astrocytes. Front Neurosci 2019; 13(442).
Perry DC, Brown JA, Possin KL, Datta S, Trujillo A, Radke A, et al. Clinicopathological
correlations in behavioural variant frontotemporal dementia. Brain 2017; 140(12): 3329-45.
Persidsky Y, Ghorpade A, Rasmussen J, Limoges J, Liu XJ, Stins M, et al. Microglial and
astrocyte chemokines regulate monocyte migration through the blood-brain barrier in human
immunodeficiency virus-1 encephalitis. Am J Pathol 1999; 155(5): 1599-611.
Pooler AM, Phillips EC, Lau DHW, Noble W, Hanger DP. Physiological release of
endogenous tau is stimulated by neuronal activity. EMBO reports 2013; 14(4): 389-94.
Pottier C, Ravenscroft TA, Brown PH, Finch NA, Baker M, Parsons M, et al. TYROBP genetic
variants in early-onset Alzheimer's disease. Neurobiol Aging 2016; 48: 222.e9-.e15.
Prat A, Biernacki K, Wosik K, Antel JP. Glial cell influence on the human blood-brain barrier.
Glia 2001; 36(2): 145-55.
Prebil M, Vardjan N, Jensen J, Zorec R, Kreft M. Dynamic monitoring of cytosolic glucose in
single astrocytes. Glia 2011; 59(6): 903-13.
Rabinovici GD, Miller BL. Frontotemporal lobar degeneration: epidemiology,
pathophysiology, diagnosis and management. CNS drugs 2010; 24(5): 375-98.
Rakic S, Hung YMA, Smith M, So D, Tayler HM, Varney W, et al. Systemic infection modifies
the neuroinflammatory response in late stage Alzheimer's disease. Acta Neuropathol Commun
2018; 6(1): 88.
37
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Brain

Page 38 of 51

iew

ev

rR

ee

rP

Fo

Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH, Neuhaus J, et al. Sensitivity
of revised diagnostic criteria for the behavioural variant of frontotemporal dementia. Brain
2011; 134(Pt 9): 2456-77.
Rascovsky K, Salmon DP, Lipton AM, Leverenz JB, DeCarli C, Jagust WJ, et al. Rate of
progression differs in frontotemporal dementia and Alzheimer disease. Neurology 2005; 65(3):
397-403.
Rayaprolu S, Mullen B, Baker M, Lynch T, Finger E, Seeley WW, et al. TREM2 in
neurodegeneration: evidence for association of the p.R47H variant with frontotemporal
dementia and Parkinson's disease. Mol Neurodegener 2013; 8: 19-.
Reu P, Khosravi A, Bernard S, Mold JE, Salehpour M, Alkass K, et al. The Lifespan and
Turnover of Microglia in the Human Brain. Cell Rep 2017; 20(4): 779-84.
Romero-Molina C, Navarro V, Sanchez-Varo R, Jimenez S, Fernandez-Valenzuela JJ,
Sanchez-Mico MV, et al. Distinct Microglial Responses in Two Transgenic Murine Models of
TAU Pathology. Front Cell Neurosci 2018; 12: 421.
Rubino E, Vacca A, Govone F, De Martino P, Pinessi L, Rainero I. Apolipoprotein E
polymorphisms in frontotemporal lobar degeneration: a meta-analysis. Alzheimers Dement
2013; 9(6): 706-13.
Ruiz A, Dols-Icardo O, Bullido MJ, Pastor P, Rodríguez-Rodríguez E, López de Munain A, et
al. Assessing the role of the TREM2 p.R47H variant as a risk factor for Alzheimer's disease
and frontotemporal dementia. Neurobiol Aging 2014; 35(2): 444.e1-4.
Salamanca L, Mechawar N, Murai KK, Balling R, Bouvier DS, Skupin A. MIC-MAC: An
automated pipeline for high-throughput characterization and classification of threedimensional microglia morphologies in mouse and human postmortem brain samples. Glia
2019; 67(8): 1496-509.
Salter MW, Stevens B. Microglia emerge as central players in brain disease. Nat Med 2017;
23(9): 1018-27.
Sanchez-Contreras M, Heckman MG, Tacik P, Diehl N, Brown PH, Soto-Ortolaza AI, et al.
Study of LRRK2 variation in tauopathy: Progressive supranuclear palsy and corticobasal
degeneration. Mov Disord 2017; 32(1): 115-23.
Sanchez-Mejias E, Navarro V, Jimenez S, Sanchez-Mico M, Sanchez-Varo R, Nunez-Diaz C,
et al. Soluble phospho-tau from Alzheimer's disease hippocampus drives microglial
degeneration. Acta Neuropathol 2016; 132(6): 897-916.
Santello M, Toni N, Volterra A. Astrocyte function from information processing to cognition
and cognitive impairment. Nat Neurosci 2019; 22(2): 154-66.
Santos RR, Torres KC, Lima GS, Fiamoncini CM, Mapa FC, Pereira PA, et al. Reduced
frequency of T lymphocytes expressing CTLA-4 in frontotemporal dementia compared to
Alzheimer's disease. Progress Neuropsychopharmacol Biol Psychiatry 2014; 48: 1-5.
Sasaki A, Kawarabayashi T, Murakami T, Matsubara E, Ikeda M, Hagiwara H, et al. Microglial
activation in brain lesions with tau deposits: comparison of human tauopathies and tau
transgenic mice TgTauP301L. Brain Res 2008; 1214: 159-68.
Satoh JI, Kino Y, Yanaizu M, Saito Y. Alzheimer's disease pathology in Nasu-Hakola disease
brains. Intractable Rare Dis Res 2018; 7(1): 32-6.

38
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Page 39 of 51

Brain

iew

ev

rR

ee

rP

Fo

Sayed FA, Telpoukhovskaia M, Kodama L, Li Y, Zhou Y, Le D, et al. Differential effects of
partial and complete loss of TREM2 on microglial injury response and tauopathy. Proc Natl
Acad Sci U S A 2018; 115(40): 10172-7.
Schmid CD, Sautkulis LN, Danielson PE, Cooper J, Hasel KW, Hilbush BS, et al.
Heterogeneous expression of the triggering receptor expressed on myeloid cells-2 on adult
murine microglia. J Neurochem 2002; 83(6): 1309-20.
Schofield E, Kersaitis C, Shepherd CE, Kril JJ, Halliday GM. Severity of gliosis in Pick’s
disease and frontotemporal lobar degeneration: tau‐positive glia differentiate these disorders.
Brain 2003; 126(4): 827-40.
Sergeant N, Bretteville A, Hamdane M, Caillet-Boudin M-L, Grognet P, Bombois S, et al.
Biochemistry of Tau in Alzheimer's disease and related neurological disorders. Expert Rev
Proteomics 2008; 5(2): 207-24.
Serio A, Bilican B, Barmada SJ, Ando DM, Zhao C, Siller R, et al. Astrocyte pathology and
the absence of non-cell autonomy in an induced pluripotent stem cell model of TDP-43
proteinopathy. Proc Natl Acad Sci U S A 2013; 110(12): 4697-702.
Sessa G, Podini P, Mariani M, Meroni A, Spreafico R, Sinigaglia F, et al. Distribution and
signaling of TREM2/DAP12, the receptor system mutated in human polycystic
lipomembraneous osteodysplasia with sclerosing leukoencephalopathy dementia. Eur J
Neurosci 2004; 20(10): 2617-28.
Shi J, Shaw CL, Du Plessis D, Richardson AMT, Bailey KL, Julien C, et al. Histopathological
changes underlying frontotemporal lobar degeneration with clinicopathological correlation.
Acta Neuropathol 2005; 110(5): 501-12.
Shi Y, Manis M, Long J, Wang K, Sullivan PM, Remolina Serrano J, et al. Microglia drive
APOE-dependent neurodegeneration in a tauopathy mouse model. J Exp Med 2019; 216(11):
2546-61.
Shi Y, Yamada K, Liddelow SA, Smith ST, Zhao L, Luo W, et al. ApoE4 markedly exacerbates
tau-mediated neurodegeneration in a mouse model of tauopathy. Nature 2017; 549(7673): 5237.
Shiarli AM, Jennings R, Shi J, Bailey K, Davidson Y, Tian J, et al. Comparison of extent of
tau pathology in patients with frontotemporal dementia with Parkinsonism linked to
chromosome 17 (FTDP-17), frontotemporal lobar degeneration with Pick bodies and early
onset Alzheimer's disease. Neuropathol Appl Neurobiol 2006; 32(4): 374-87.
Sidoryk-Wegrzynowicz M, Gerber YN, Ries M, Sastre M, Tolkovsky AM, Spillantini MG.
Astrocytes in mouse models of tauopathies acquire early deficits and lose neurosupportive
functions. Acta Neuropathol Commun 2017; 5(1): 89.
Sjogren M, Folkesson S, Blennow K, Tarkowski E. Increased intrathecal inflammatory activity
in frontotemporal dementia: pathophysiological implications. J Neurol Neurosurg Psychiatry
2004; 75(8): 1107-11.
Sloan SA, Barres BA. Glia as primary drivers of neuropathology in TDP-43 proteinopathies.
Proc Natl Acad Sci USA 2013; 110(12): 4439-40.
Snowden JS, Thompson JC, Stopford CL, Richardson AMT, Gerhard A, Neary D, et al. The
clinical diagnosis of early-onset dementias: diagnostic accuracy and clinicopathological
relationships. Brain 2011; 134(9): 2478-92.
39
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Brain

Page 40 of 51

iew

ev

rR

ee

rP

Fo

Sokolowski JD, Mandell JW. Phagocytic clearance in neurodegeneration. Am J Pathol 2011;
178(4): 1416-28.
Spiller KJ, Restrepo CR, Khan T, Dominique MA, Fang TC, Canter RG, et al. Microgliamediated recovery from ALS-relevant motor neuron degeneration in a mouse model of TDP43 proteinopathy. Nature Neurosci 2018; 21(3): 329-40.
Stamatovic SM, Keep RF, Andjelkovic AV. Brain endothelial cell-cell junctions: how to
"open" the blood brain barrier. Curr Neuropharmacol 2008; 6(3): 179-92.
Stancu IC, Cremers N, Vanrusselt H, Couturier J, Vanoosthuyse A, Kessels S, et al. Aggregated
Tau activates NLRP3-ASC inflammasome exacerbating exogenously seeded and nonexogenously seeded Tau pathology in vivo. Acta Neuropathol 2019; 137(4): 599-617.
Starhof C, Winge K, Heegaard NHH, Skogstrand K, Friis S, Hejl A. Cerebrospinal fluid proinflammatory cytokines differentiate parkinsonian syndromes. J Neuroinflammation 2018;
15(1): 305.
Streit WJ, Xue QS, Tischer J, Bechmann I. Microglial pathology. Acta Neuropathol Commun
2014; 2: 142.
Tacik P, Sanchez-Contreras M, DeTure M, Murray ME, Rademakers R, Ross OA, et al.
Clinicopathologic heterogeneity in frontotemporal dementia and parkinsonism linked to
chromosome 17 (FTDP-17) due to microtubule-associated protein tau (MAPT) p.P301L
mutation, including a patient with globular glial tauopathy. Neuropathol Appl Neurobiol 2017;
43(3): 200-14.
Tai LM, Ghura S, Koster KP, Liakaite V, Maienschein-Cline M, Kanabar P, et al. APOEmodulated Abeta-induced neuroinflammation in Alzheimer's disease: current landscape, novel
data, and future perspective. J Neurochem 2015; 133(4): 465-88.
Takahashi K, Rochford CD, Neumann H. Clearance of apoptotic neurons without inflammation
by microglial triggering receptor expressed on myeloid cells-2. J Exp Med 2005; 201(4): 64757.
Taskesen E, Mishra A, van der Sluis S, Ferrari R, Hernandez DG, Nalls MA, et al. Susceptible
genes and disease mechanisms identified in frontotemporal dementia and frontotemporal
dementia with Amyotrophic Lateral Sclerosis by DNA-methylation and GWAS. Sci Rep 2017;
7(1): 8899.
Togo T, Akiyama H, Iseki E, Kondo H, Ikeda K, Kato M, et al. Occurrence of T cells in the
brain of Alzheimer's disease and other neurological diseases. J Neuroimmunol 2002; 124(1-2):
83-92.
van Olst L, Verhaege D, Franssen M, Kamermans A, Roucourt B, Carmans S, et al. Microglial
activation arises after aggregation of phosphorylated-tau in a neuron-specific P301S tauopathy
mouse model. Neurobiol Aging 2020; 89: 89-98.
Venneti S, Lopresti BJ, Wiley CA. Molecular imaging of microglia/macrophages in the brain.
Glia 2013; 61(1): 10-23.
Venneti S, Wang G, Nguyen J, Wiley CA. The positron emission tomography ligand DAA1106
binds with high affinity to activated microglia in human neurological disorders. J Neuropathol
Exp Neurol 2008; 67(10): 1001-10.
Vogels T, Murgoci A-N, Hromádka T. Intersection of pathological tau and microglia at the
synapse. Acta Neuropathol Commun 2019; 7(1): 109.
40
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Page 41 of 51

Brain

iew

ev

rR

ee

rP

Fo

Wang WY, Tan MS, Yu JT, Tan L. Role of pro-inflammatory cytokines released from
microglia in Alzheimer's disease. Ann Transl Med 2015; 3(10): 136.
Wang Y, Balaji V, Kaniyappan S, Krüger L, Irsen S, Tepper K, et al. The release and transsynaptic transmission of Tau via exosomes. Mol Neurodegener 2017; 12(1): 5.
Widmann CN, Heneka MT. Long-term cerebral consequences of sepsis. Lancet Neurol 2014;
13(6): 630-6.
Woollacott IOC, Nicholas JM, Heslegrave A, Heller C, Foiani MS, Dick KM, et al.
Cerebrospinal fluid soluble TREM2 levels in frontotemporal dementia differ by genetic and
pathological subgroup. Alzheimers Res Ther 2018; 10(1): 79.
Woollacott IOC, Toomey CE, Strand C, Courtney R, Benson BC, Rohrer JD, et al. Microglial
burden, activation and dystrophy patterns in frontotemporal lobar degeneration. J
Neuroinflammation 2020; 17(1): 234.
Wu T, Dejanovic B, Gandham VD, Gogineni A, Edmonds R, Schauer S, et al. Complement
C3 Is Activated in Human AD Brain and Is Required for Neurodegeneration in Mouse Models
of Amyloidosis and Tauopathy. Cell Rep 2019; 28(8): 2111-23.e6.
Xiong L, Xuereb JH, Spillantini MG, Patterson K, Hodges JR, Nestor PJ. Clinical comparison
of progressive aphasia associated with Alzheimer versus FTD-spectrum pathology. J Neurol
Neurosurg Psychiatry 2011; 82(3): 254-60.
Yamada K, Holth JK, Liao F, Stewart FR, Mahan TE, Jiang H, et al. Neuronal activity regulates
extracellular tau in vivo. J Exp Med 2014; 211(3): 387-93.
Yoshiyama Y, Higuchi M, Zhang B, Huang S-M, Iwata N, Saido Takaomi C, et al. Synapse
Loss and Microglial Activation Precede Tangles in a P301S Tauopathy Mouse Model. Neuron
2007; 53(3): 337-51.
Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, et al. Genomic analysis of reactive
astrogliosis. J Neurosci 2012; 32(18): 6391-410.
Zhou L, McInnes J, Wierda K, Holt M, Herrmann AG, Jackson RJ, et al. Tau association with
synaptic vesicles causes presynaptic dysfunction. Nature communications 2017; 8(1): 15295.
Zotova E, Bharambe V, Cheaveau M, Morgan W, Holmes C, Harris S, et al. Inflammatory
components in human Alzheimer's disease and after active amyloid-beta42 immunization.
Brain 2013; 136(Pt 9): 2677-96.

41
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Brain

Page 42 of 51

Legends

rP

Fo

Figure 1. Diagrams showing the epidemiology and classification of FTD
A. The prevalence of dementia-related diseases in patients under the age of 65. AD =
Alzheimer’s Disease, VaD = vascular dementia, FTD = frontotemporal dementia, ARD =
alcohol-related dementia, DLB = dementia with Lewy-Bodies, HD = Huntington’s disease.
Adapted from Harvey et al. (2003) (Harvey et al., 2003). B. FTD disorders can be classified
by their clinical syndrome (bvFTD, PNFA or SD), or the identity of the protein pathology that
causes fronto-temporal lobar degeneration (FTLD-Tau, FTLD-TDP, and FTLD-FUS). Within
these, the disorders can be further categorised (as with FTLD-TDP Type A, B, C or D) and
also can be caused by genetic mutations (FTLD-TDP = PGRN, TARDBP and C9ORF72).
FTLD-FUS can include NFID = Neuronal intermediate filament inclusion disease; and BIBD
basophilic inclusion body disease. FTLD-Tau can be classified by the number of repeats of the
chain of the tau protein that builds up (3R/4R). Pick’s Disease is a 3R tauopathy whereas
argyrophilic grain disease (AGD), progressive supranuclear palsy (PSP) corticobasal
degeneration (CBD) are 4R tauopathies. Mutations in the MAPT gene can also cause FTLDtau. Adapted from Rabinovici (Rabinovici and Miller, 2010) and Boxer (Boxer et al., 2013).

iew

ev

rR

ee

Figure 2. The clinicopathological heterogeneity in subtypes of FTLD-tau.
Data from 12 studies, involving 262 patients showing the variety of clinical syndromes caused
by each underlying neuropathology. At least some patients with each neuropathological
diagnosis were clinically diagnosed with bvFTD (black). PiD patients were more often
diagnosed with bvFTD (n = 56) than other syndromes (n = 19) and FTLD-MAPT was the only
neuropathological diagnosis to be associated with only one clinical syndrome (bvFTD).
Unsurprisingly PSPS and CBS were the most common clinical diagnoses of PSP/CBD patients
n = 38/30 respectively. Although some patients were diagnosed with the other disorder (i.e.
CBD patients diagnosed with PSPS) and the rest were diagnosed with other disorders (PNFA,
bvFTD). SD was only diagnosed in patients with PiD, however, only four patients were
included. This may be because SD is more often caused by FTLD-TDP43 rather than FTLDtau. PSP is also relatively homogenous in underlying pathology. bvFTD = behavioural variant
FTD; PNFA = progressive non-fluent aphasia; SD = semantic dementia; PSPS = progressive
supranuclear palsy syndrome; CBS = corticobasal syndrome. (Data taken from: (Hodges et al.,
2004; Kertesz et al., 2005; Knopman et al., 2005; Shi et al., 2005; Forman et al., 2006; Josephs
et al., 2006; Hodges and Patterson, 2007; Lladó et al., 2008; Snowden et al., 2011; Xiong et
al., 2011; Perry et al., 2017; Tacik et al., 2017))
Figure 3. Features of tau pathology in human FTLD-tau.
Immunohistochemical examples of pathological hallmarks of FTLD-tau as stained by
phosphorylated tau antibody AT8 (Ser202/Thr205). Scale bar = 100µm.
Figure 4. Diagram outlining the effects of Trem2 alterations in mouse models.
Under normal conditions Trem2 facilitates microglial phagocytosis whilst dampening down
pro-inflammatory signalling, to allow controlled clearance of debris (Takahashi et al., 2005).
In tau mice, with 2-6 months of tau pathology, the knockout of Trem2 -/- leads to exacerbation
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of the tau pathology as microglia are less able to respond (Jiang et al., 2015; Bemiller et al.,
2017; Leyns et al., 2019). With tau pathology lasting >8 months Trem2 KO (-/-) appears to
prevent excessive microglia activation and thus reduces cortical atrophy (Leyns et al., 2017;
Sayed et al., 2018). Trem2 -/+ appears to have a worse effect than Trem2 -/-, leading to
increased cortical atrophy and microgliosis and more tau pathology (Sayed et al., 2018). The
expression of mutant tau causes a loss of function of the protein and has a similar effect to the
early-stage knockout (Leyns et al., 2019).
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Figure 5. Examples of microglia and T cells in the brain in FTLD-tau
A. Immunohistochemical examples of microglial morphologies as stained by Iba1. Ramified
microglia (i)(arrow) have more, thinner processes whereas the processes are fewer and thicker,
or even absent in activated microglia (ii) which have a more ameboid morphology (arrow and
star). Scale bars are 100µm. Example images of parenchymal (Bi) and perivascular (Bii) T
cells in the grey matter (as immunostained by CD3+ cells) in a patient with PSP. Scale bar
=100µm.
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Table 1. GWAS hits in frontotemporal dementia-related to innate and adaptive immunity.

TREM2

Cells/Function

Variant/Loci

Mutation Effect

Facilitates phagocytosis of
apoptotic neurons reduces
pro-inflammatory response

R47H, T66M, S116C, T96K,
L221P, R62H
Q33X (NHD-related)
p.T198X

Compromises ligand
binding
Loss of membrane
incorporation
Nonsense mutation

Microglia phagocytosis and
activating natural killer cells

Gly2Glu/Val55Leu
19q31.1
(NHD-related)

Benign
Homozygous deletion –
loss of function

LRRK2

TNFα expression regulation

PSP: G2019S, R1441C,
A1413T
CBD: R1707K

Not reported

TBKBP1

TNFα expression regulation

rs2192493

Not reported

APOE

Transports cholesterol to
neurons

Rs6857
E4 allele
E2 allele

Not reported
Increased disease risk
Protective
No effect

CXCR4

Chemokine.
Immune cell chemotaxis

HLA

MHC protein immune
regulation

RAB38/CTSC

Immune-related.
Lysosomal protein trafficking
and proteinase activation.
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TYROBP

Rs749873

Not reported.
CXCR4 is increased in
human FTD cases

rR
6p21.3

ev

11q14

Altered HLA-DRA
methylation levels
Decreased
function/expression

iew

From: Borroni et al., 2014; Bonham et al., 2018; Broce et al., 2018; Cuyvers et al., 2014; Darwent et al., 2017;
Giraldo et al., 2013; Ferrari et al., 2014; Lattante et al., 2013; Mishra et al., 2017; Paloneva et al., 2000; Rayaprolu
et al., 2013; Rubino et al., 2013; Sanchez-Contreras et al., 2017
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Table 2. Summary of the most common tauopathy mouse models including tau pathology
progression and neuroinflammation findings.
Model
Tg4510

Genetic
Mutation
P301L mutation
0N4R human tau
CaMKII
promoter

Tau Pathology

Neuroinflammation

MC-1 and CP13 - 1
month
Tangles, PHF1, AT84-5 months
(Ramsden et al.,
2005; Santacruz et al.,
2005)
PHF1 accumulation –
6 months
AT8/100/180 –
9 months
(Yoshiyama et al.,
2007)
MC1 and CP13 from
2 months
AT180 from 5/6
months
(Xu et al., 2014)
AT8 from 5 months
(Allen et al., 2002)

Gliosis seen from 2.5
months.
(Helboe et al., 2017)

Papers using the
model
Hopp et al., 2018;
Jackson et al., 2017;
Nash et al., 2013;
Ishikawa et al., 2018;
Bennett et al., 2018

Activated microglia
3-4 months
(Yoshiyama et al.,
2007)

Yoshiyama et al., 2007;
Dejanovic et al., 2018;
Wu et al., 2019;
Litvinchuk et al., 2018

Microgliosis from 6
months
Microglial activation
from 5 months
(Bellucci et al., 2004)

Microglia increased
in areas of AT8
staining

Luo et al., 2015;
Sidoryk-Wegrzynowicz
et al., 2017; Hampton et
al., 2010; Mancuso et
al., 2019; Bellucci et
al., 2004; van Olst et
al., 2020; RomeroMolina et al., 2018
Sasaki et al., 2008; Asai
et al., 2015; Bonham et
al., 2018

P301S mutation
1N4R human tau
Mouse prion
protein promoter

P301S

P301S mutation
1N4R human tau
Thy1.2 Promoter

P301L

P301L mutation
2N4R human tau
Hamster
prion
protein promoter.
G272V/P301S
4R human tau
Thy1.2 promotor

Mild AT8 staining at
11m, stronger at 17m

R406W mutation
4R h-tau mutant
Hamster prion
protein promoter

Tau accumulation – 6
months

PHF1 – 6 months
AT8 - 12 months
(Schindowski et al.,
2006)

Glial activation – 12
months
(Schindowski et al.,
2006)
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PS19
(P301S)

Microgliosis and
astrogliosis correlated
with tau
accumulation

Sanchez-Mejias et al.,
2016; Ahmed et al.,
2015; Burnouf et al.,
2013; Carvalho et al.,
2019; Laurent et al.,
2014; Romero-Molina
et al., 2018
Ikeda et al., 2005
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Figure 1. Diagrams showing the epidemiology and classification of FTD
A. The prevalence of dementia-related diseases in patients under the age of 65. AD = Alzheimer’s Disease,
VaD = vascular dementia, FTD = frontotemporal dementia, ARD = alcohol-related dementia, DLB =
dementia with Lewy-Bodies, HD = Huntington’s disease. Adapted from Harvey et al. (2003) (Harvey et al.,
2003). B. FTD disorders can be classified by their clinical syndrome (bvFTD, PNFA or SD), or the identity of
the protein pathology that causes fronto-temporal lobar degeneration (FTLD-Tau, FTLD-TDP, and FTLDFUS). Within these, the disorders can be further categorised (as with FTLD-TDP Type A, B, C or D) and also
can be caused by genetic mutations (FTLD-TDP = PGRN, TARDBP and C9ORF72). FTLD-FUS can include
NFID = Neuronal intermediate filament inclusion disease; and BIBD basophilic inclusion body disease. FTLDTau can be classified by the number of repeats of the chain of the tau protein that builds up (3R/4R). Pick’s
Disease is a 3R tauopathy whereas argyrophilic grain disease (AGD), progressive supranuclear palsy (PSP)
corticobasal degeneration (CBD) are 4R tauopathies. Mutations in the MAPT gene can also cause FTLD-tau.
Adapted from Rabinovici (Rabinovici and Miller, 2010) and Boxer (Boxer et al., 2013).
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Figure 2. The clinicopathological heterogeneity in subtypes of FTLD-tau.
Data from 12 studies, involving 262 patients showing the variety of clinical syndromes caused by each
underlying neuropathology. At least some patients with each neuropathological diagnosis were clinically
diagnosed with bvFTD (black). PiD patients were more often diagnosed with bvFTD (n = 56) than other
syndromes (n = 19) and FTLD-MAPT was the only neuropathological diagnosis to be associated with only
one clinical syndrome (bvFTD). Unsurprisingly PSPS and CBS were the most common clinical diagnoses of
PSP/CBD patients n = 38/30 respectively. Although some patients were diagnosed with the other disorder
(i.e. CBD patients diagnosed with PSPS) and the rest were diagnosed with other disorders (PNFA, bvFTD).
SD was only diagnosed in patients with PiD, however, only four patients were included. This may be because
SD is more often caused by FTLD-TDP43 rather than FTLD-tau. PSP is also relatively homogenous in
underlying pathology. bvFTD = behavioural variant FTD; PNFA = progressive non-fluent aphasia; SD =
semantic dementia; PSPS = progressive supranuclear palsy syndrome; CBS = corticobasal syndrome. (Data
taken from: Hodges et al., 2004; Kertesz et al., 2005; Knopman et al., 2005; Shi et al., 2005; Forman et
al., 2006; Josephs et al., 2006; Hodges and Patterson, 2007; Lladó et al., 2008; Snowden et al., 2011;
Xiong et al., 2011; Perry et al., 2017; Tacik et al., 2017).
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Figure 3. Features of tau pathology in human FTLD-tau.
Immunohistochemical examples of pathological hallmarks of FTLD-tau as stained by phosphorylated tau
antibody AT8 (Ser202/Thr205). Scale bar = 100µm.
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Figure 4. Diagram outlining the effects of Trem2 alterations in mouse models.
Under normal conditions Trem2 facilitates microglial phagocytosis whilst dampening down pro-inflammatory
signalling, to allow controlled clearance of debris (Takahashi et al., 2005). In tau mice, with 2-6 months of
tau pathology, the knockout of Trem2 -/- leads to exacerbation of the tau pathology as microglia are less
able to respond (Jiang et al., 2015; Bemiller et al., 2017; Leyns et al., 2019). With tau pathology lasting >8
months Trem2 KO (-/-) appears to prevent excessive microglia activation and thus reduces cortical atrophy
(Leyns et al., 2017; Sayed et al., 2018). Trem2 -/+ appears to have a worse effect than Trem2 -/-, leading
to increased cortical atrophy and microgliosis and more tau pathology (Sayed et al., 2018). The expression
of mutant tau causes a loss of function of the protein and has a similar effect to the early-stage knockout
(Leyns et al., 2019).
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Figure 5. Examples of microglia and T cells in the brain in FTLD-tau
A. Immunohistochemical examples of microglial morphologies as stained by Iba1. Ramified microglia
(i)(arrow) have more, thinner processes whereas the processes are fewer and thicker, or even absent in
activated microglia (ii) which have a more ameboid morphology (arrow and star). Scale bars are 100µm.
Example images of parenchymal (Bi) and perivascular (Bii) T cells in the grey matter (as immunostained by
CD3+ cells) in a patient with PSP. Scale bar =100µm.
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A comprehensive review on the role of neuroinflammation in Frontotemporal dementia, with a focus on
frontotemporal lobar degeneration associated with tau. Evidence from genetics, experimental and human
studies are presented and discussed.
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