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Immunological signatures in frontotemporal lobar degeneration

Daniel W. Sirkis1, Luke W. Bonham1, Celeste M. Karch?, Jennifer S. Yokoyamal#*

IMemory and Aging Center, Department of Neurology, University of California, San Francisco,
San Francisco, CA 94158, USA

°Hope Center for Neurological Disorders, Department of Psychiatry, Washington University
School of Medicine, St. Louis, MO 63110, USA

Abstract

Purpose of review: Over the last year, research into the immunological and inflammatory
signatures of frontotemporal lobar degeneration (FTLD) has accelerated greatly. Herein, we
highlight recently proposed roles of brain-resident microglia as well as peripheral myeloid cells in
frontotemporal dementia (FTD)-spectrum disorders.

Recent findings: Recent unbiased genetic, transcriptomic and proteomic surveys using human
data confirm significantly altered immune-function genes as well as transcript and protein modules
associated with inflammatory and immune function. Beyond human studies, novel animal models
indicate important roles for both microglia and monocytes, and central involvement of genes such
as TremZ, Apoeand Tbk1.

Summary: The importance of neuroinflammatory activity in FTD pathophysiology is
unambiguous, but whether this activity is primarily beneficial or detrimental remains unclear, with
variable results reported for distinct disease paradigms and types of pathology. Going forward, it
will be crucial to determine which types of microglial and peripheral myeloid responses are
favorable, in response to which specific protein pathologies, and at which point in disease course.

Keywords
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Introduction

Frontotemporal dementia (FTD) represents one of the most common forms of dementia in
people under 65 years of age and occurs due to progressive neurodegeneration of the frontal
and temporal lobes of the brain (i.e., frontotemporal lobar degeneration [FTLD]). Diagnoses
along the FTD spectrum are clinically and pathologically diverse. FTD patients are divided
clinically into those with predominant changes in behavior and personality (bvFTD) or
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language (primary progressive aphasia [PPA], which is subdivided into semantic variant
[svPPA] and nonfluent variant [nfvPPA]). In some individuals, FTD presents with aspects of
motor neuron disease or amyotrophic lateral sclerosis (FTD-MND or FTD-ALS). Related
Parkinsonian disorders on the FTD spectrum include corticobasal degeneration (CBD) and
progressive supranuclear palsy (PSP).

FTLD is characterized pathologically by aggregated forms of the proteins TDP-43, tau, or,
less commonly, FET (FUS, EWS, TAF15). Although the majority of individuals diagnosed
with FTD have an apparently sporadic form of disease, a significant fraction (perhaps 40%
of cases; [1,2]) have a family history of dementia or other neurodegenerative disease, and an
estimated 10-30% of cases are inherited in an autosomal-dominant fashion [1-3]. Intense
study of the genes implicated in familial forms of FTD suggests that immunological and
inflammatory mechanisms are likely to play a central role in disease pathogenesis.

Research into the immunological signatures of FTD has accelerated rapidly over the last few
years, but early suggestions of immune system involvement date to the early 2000s [4,5].
Microglia, the brain-resident macrophages, have been implicated by human genetics as
crucial players in Alzheimer’s disease (AD; reviewed in [6]), and emerging research
suggests that microglia may be equally important in FTLD pathogenesis. In this review we
highlight important findings from the last year that illuminate immunological mechanisms
and signatures in FTD-spectrum disorders and models of FTLD. We begin by focusing on
recent human studies, including genetic and proteomic analyses, human cell culture models,
and clinical observations. We then consider important advances in our understanding of
immunological responses in mouse models relevant to FTLD. Collectively, results from the
past year suggest not only that brain-resident microglia, but also peripheral myeloid cells,
show significant alterations in FTD. Diverse myeloid cell populations therefore warrant
further investigation and may represent promising targets for therapeutic intervention in
FTD-spectrum disorders.

. Human studies

Overlapping genetic architecture between FTD and disorders of the immune system

Recent work systematically assessing the genetic overlap or pleiotropy between FTD-
spectrum disorders and diseases of the immune system has identified a striking number of
shared risk loci [7]. In particular, loci within the HLA region on chromosome 6 appear to be
a major driver of the overlapping genetic architectures of FTD and immune-mediated
disorders such as rheumatoid arthritis and ulcerative colitis. Interestingly, although the FTD
genome-wide association study (GWAS) data used for the pleiotropy analysis were based on
sporadic FTD, many of the identified pleiotropic genes were found to be differentially
expressed in post-mortem brains from individuals with autosomal-dominant FTLD caused
by pathogenic GRN mutations (i.e., GRA+ FTLD). Consistent with their previously
established association with immune-mediated diseases, the majority of these HLA-
associated genes were predominantly expressed in microglia within the brain. An important
caveat of this finding and similarly designed analyses is that differential expression of HLA-
region genes could reflect differences in microglial abundance (determined by survival and
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proliferation) and/or activation state in FTLD brains. Clarification of this issue will be an
important aspect of future research.

CXCR4 in FTD-spectrum disorders

The chemokine receptor CXCR4 is well known for its roles in immune function, HIV
infection, and neuronal migration during brain development, but was only recently
implicated in FTD-spectrum disorders. Using GWAS-driven pleiotropy analysis, recent
studies have identified CXCR4 as a shared genetic risk factor between the FTD-spectrum
disorder PSP and Parkinson’s disease (PD), as well as between PSP and CBD [8,9]. Beyond
this, CXCR4 expression appears to be dysregulated in FTD, PSP, and PD as well as in a
mouse model of tauopathy [8]. Although this study’s findings are consistent with the FTD—
immune-disorder pleiotropy analysis described above, CXCR4 also functions in neural
development [10], and this function could be equally germane to FTD pathobiology given
recent work implicating neurodevelopmental processes in bvFTD [11].

Inflammatory protein dynamics in the FTLD brain

A recent unbiased mass spectrometry-based proteomic study identified protein modules
significantly altered in postmortem frontal cortex from patients with ALS, ALS-FTD and
FTLD associated with TDP-43 pathology (FTLD-TDP; [12]). Using weighted co-expression
network analysis, the authors identified significant increases in modules expressed primarily
by microglia and astrocytes in FTLD. In particular, an RNA-splicing module that was
significantly enriched for microglial proteins was altered in FTLD and correlated with
TDP-43 pathology. Beyond changes in RNA-splicing proteins, an inflammation-associated
protein module that was increased in FTLD also showed significant up-regulation in frontal
cortex of carriers of pathogenic CIORF72 repeat expansions with ALS but without evidence
of dementia. This suggests that the identified inflammatory changes associated with FTLD-
TDP are also associated with pathogenic CIORF72 expansion even in the absence of overt
cortical pathology or dementia symptomatology. Thus, at the proteomic level, there is strong
evidence for changes in microglial function in ALS and FTLD that is associated with the
presence of TDP-43 pathology and/or pathogenic CIORF72 repeat expansion (which results
in TDP-43 pathology).

Monocytes in the blood and CSF in FTD

Beyond the increasingly appreciated role of brain-resident microglia in neurodegenerative
disorders, circulating monocytes may also influence neurodegeneration-associated
processes. Moreover, alterations in monocyte number, subtype and/or activation state may
reflect analogous changes in brain microglia. It is thus important to understand whether
monocytes are altered in FTD, both in the circulation and CSF. A recent study addressing
these questions in detail found that the proportion of CD14* monocytes (relative to total
leukocytes) was elevated in CSF specifically in PPA (n = 25) [13]. Conversely, non-classical
CD14*/CD16"* monocytes were significantly increased in number and in proportion to total
monocytes in blood specifically in bvFTD (n = 32). Interestingly, all FTD subtypes also
showed suggestive increases in non-classical monocytes in the CSF as well. Though these
results need to be replicated in independent cohorts, the possibility that monocytes, a
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population of myeloid cells much more accessible than microglia, may show alterations in
FTD is exciting and warrants further investigation.

Myeloid cell expression profiling in human brain

A recent large-scale comparison of brain myeloid cell expression profiles in mouse models
of inflammation and neurodegeneration as well as human AD has identified both
commonalities and important differences [14]. In particular, gene expression modules
identified as specific to LPS treatment (as opposed to those identified in models of
neurodegeneration) or associated with neutrophil and monocyte expression showed
significant up-regulation in AD in the fusiform gyrus and temporal cortex, regions impacted
early in disease; this differential expression was mostly not observed in neurodegeneration
models. As mentioned above, these expression changes could reflect alterations in cellular
composition and/or activation state.

It will be important to determine if similar myeloid-associated expression changes are
observed in pathologically affected regions in FTLD. As a preliminary way to address this
question, we tested genes from the ‘neutrophil/monocyte’ expression modules from
Friedman et al. 2018 [14] for differential expression in (i) the MAPT P301L tauopathy
model [15], (ii) the human cortex in GRN+ FTLD [16], and (iii) fusiform gyrus [14] and
temporal cortex [17] in human AD. Intriguingly, we found that 8/16 genes available for
analysis showed differential expression in P301L mice when grouped by P301L status and
brain region (Figure 1, a—f), suggesting that the neutrophil/monocyte modules may also be
relevant to FTLD-tau. While such changes were not observed in isolated hippocampal
myeloid cells from 12-month-old P301L mice [14], the changes we observed in P301L may
be attributable to analyzing multiple brain regions across the mouse lifespan and the use of
bulk tissue rather than isolated myeloid cells. We also found that selected genes altered in
the P301L model were differentially expressed in GRN+ FTLD cortex (Figure 1g). CCNDZ,
encoding cyclin D2, showed significant decreases in cortical expression in the MAPTP301L
model, in GRN+ FTLD, and in both AD datasets (Figure 1b, g, h). These findings suggest
that differential expression of neutrophil/monocyte-associated genes may be a feature not
only of AD, but also of FTLD-tau and FTLD-TDP.

Beyond the neutrophil/monocyte gene set, newly generated gene expression data from
MAPT P301L and P301S tauopathy models in [14] suggest that a common set of
neurodegeneration-associated myeloid genes are up-regulated in both tau and non-tau
transgenic models of neurodegeneration, providing additional support for the notion that the
human FTLD-tau brain may show myeloid-cell changes analogous to those observed in AD.

Mouse models relevant to FTLD

The past year has seen numerous advances in our understanding of immunological
signatures relevant to FTLD from a variety of novel mouse models, including those
modulating the function or expression of 7rem2, ApoE, Tbk1, and TARDBP (encoding
TDP-43). Emerging results from the study of peripheral myeloid cells in models of CNS
injury and inflammation suggest that this population of cells is worthy of intensive
investigation in the context of neurodegeneration.

Curr Opin Neurol. Author manuscript; available in PMC 2021 April 07.
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In humans, the R47H variant of the microglial receptor TREM2 increases risk for AD by
approximately 3-fold [18,19], and a recent meta-analysis indicates that this variant may
similarly increase risk for FTD [20]. Evidence suggests that the R47H allele is hypomorphic
[21-23]; individuals heterozygous for R47H may therefore have insufficient TREM2
function. To date, most attempts to model the effects of 7rem.Z2 deficiency in mice have relied
on complete loss of 7remZ (e.q., see [24]). Strikingly, however, a recent study using the
MAPT P301S tauopathy model has found that 7remZ2 haploinsufficient mice show evidence
of exacerbated phospho-tau pathology in the cortex, as well as augmented deposition of a
pathological conformer of tau in both hippocampus and cortex [25]. Intriguingly, complete
loss of 7remZ2did not exacerbate tau pathology relative to that observed in 7remZ2 wild type
mice, suggesting that partial loss of Trem2 function is particularly detrimental in the context
of tauopathy. It remains to be determined precisely how complete loss of Trem2 results in
milder tau pathology relative to that observed in Trem2 haploinsufficient mice, although the
strikingly altered gene expression pattern [25,26] and metabolism [27] of 7remZ2-null
microglia likely underlies this phenomenon.

The APOE4 allele is the most potent known risk factor for late-onset AD, and recent genetic
pleiotropy analysis indicates that it is also a risk factor for FTD [28]. Despite the clear
pleiotropic effects of ApoE on multiple human brain cell types [29], a recent study has found
that Apoe is expressed at very high levels in murine microglia (at the 99t percentile of all
microglial transcripts) [30]. Furthermore, microglial Apoe expression is significantly up-
regulated by both aging and the presence of mutant APP/PS1 or MAPT transgenes [30], and
this up-regulation appears to depend on signaling through 7remZ2[31]. Given that ApoE is a
ligand for TREM2 [32,33], it appears that secreted ApoE may augment its own expression in
microglia (either in an autocrine or paracrine manner) via TREM2 signaling [34], ultimately
inducing a disease-associated microglial gene expression program [30,31].

A human APOE4 knock-in (KI) allele has recently been reported to exacerbate tau
pathology and neurodegeneration in MAPT P301S transgenic mice, relative to both E2 and
E3 Kl alleles and Apoe knockout (KO) mice [35], suggesting that the £4 allele exerts a toxic
gain of function. Moreover, this study demonstrated that £4 KI microglia displayed an
augmented inflammatory response to LPS treatment, and P301S* £4 K1 mice showed
greater numbers of activated microglia in the cortex and hippocampus relative to £2or £3
KI mice or Apoe KO mice. Taken together, recent work on ApoE suggests that it potently
modulates microglial function with important consequences for aging and
neurodegeneration.

Microglia-mediated recovery from disease in a model of TDP-43 pathology

Pathologically proven FTLD-TDP cases are thought to occur on a spectrum with ALS, and a
portion of FTLD-TDP cases develop subtle motor symptoms or concurrent ALS. Recent
findings from mouse models of ALS with TDP-43 pathology may therefore inform shared
pathophysiologic processes in FTLD-TDP. Until very recently, it was widely assumed that
microgliosis exacerbated or even drove the development of TDP-43 pathology. On the
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contrary, Spiller and colleagues elegantly illustrated that microgliosis is a critical step in the
recovery of motor function after suppressing expression of a nuclear localization-defective
form of TDP-43 [36]. Moreover, microglia-mediated recovery after TDP-43 insult was
specific to CNS-derived microglia rather than infiltrating macrophages. Taken together,
these findings suggest that enhancing the microglial response to neurodegenerative
processes, rather than suppressing it, may prove key in the prevention or treatment of FTLD
with TDP-43 pathology.

Along similar lines, pathogenic mutations in the autophagy regulator TBK1 can cause
FTLD-TDP [37,38], and recent findings in mice indicate that partial loss of 7bkZ is
associated with both TDP-43 pathology and augmented CNS inflammation [39]. In the case
of TBK1 haploinsufficiency, neuroinflammation (mediated by the kinase RIPK1) has been
interpreted to be detrimental. Clearly, much remains to be understood regarding the effect of
microglial activation even in the context of TDP-43 pathology.

Peripheral myeloid cells in models of neurodegeneration

The role of the peripheral immune system in promoting, inhibiting, or otherwise regulating
neurodegenerative processes remains unclear. A recent report (described above) suggests it
plays no role in TDP-43 clearance in mice [36]. By contrast, other recent work in traumatic
spinal cord injury suggests there is a robust interaction between monocyte-derived
macrophages (MDMs) and resident microglia, with MDMs decreasing microglial
phagocytosis and preventing damage secondary to acute and chronic inflammation [40].
Despite the apparent lack of effect of MDMs in a model of TDP-43 proteinopathy, it remains
to be determined whether MDMs or MDM-microglia communication regulate pathobiology
in human FTLD. Regardless, MDM migration into the CNS remains a topic of interest given
recent work showing that a failed MDM response to TGF-B precipitates demyelinating
disease in mice [41]. In this context, failure to respond to TGF-f in the CNS could serve as
both a nidus for incipient neurodegeneration and provocation for ongoing inflammation
following monocyte recruitment into the CNS.

An emerging role for IL-33 in FTLD-like pathology?

Despite a lack of direct evidence for involvement in FTD, the cytokine IL-33 appears to be
potentially involved in regulating tau pathology, with promising evidence from //33 KO
mice. IL-33 plays a prominent role in the response to CNS injury and is expressed by mature
oligodendrocytes and gray-matter astrocytes [42]. IL-33-deficient mice have prominent
aggregations of insoluble, hyper-phosphorylated tau in cerebral cortex and hippocampus
with corresponding cognitive deficits [43]. Of note, //33 KO mice also demonstrate abundant
intra-neuronal vacuolation, suggesting abnormal lysosomal function. Recent findings
indicate that astrocyte-secreted IL-33 regulates microglial synapse engulfment during neural
development [44], thus potentially connecting a developmental role for microglia to later-life
tau pathology. Finally, a recently identified loss-of-function variant in human /L33 (0.65%
frequency in Europeans) [45] that reduces eosinophil numbers and protects against asthma
may be useful in future human studies on IL-33 and risk for tauopathy given that such /L33
mutations may also increase risk for a human CNS phenotype similar to that reported in
mice.

Curr Opin Neurol. Author manuscript; available in PMC 2021 April 07.
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Conclusion

In this review we provided a focused summary and analysis of recent advances involving
immunological signatures salient to FTD. We began with advances in human genetics,
which indicate a striking level of genetic overlap between FTD and immune-mediated
disorders. From genes we moved to an unbiased survey of proteins altered in FTD-spectrum
disorders, which identified modules of microglial and inflammatory proteins that are up-
regulated along the FTD-ALS spectrum.

Beyond microglia, we discussed recent findings indicating that monocytes may be up-
regulated in the CSF in nfvPPA, while non-classical CD16* monocytes may increase in the
blood in bvFTD. New transcriptional profiling data from human AD brain indicates
substantial similarities with expression profiles derived from mouse models of
neurodegeneration, but one striking difference appears to be a putative neutrophil/monocyte
expression module altered preferentially in human AD. Given the recent finding that specific
populations of monocytes may be altered in FTD and our analyses presented in Figure 1, it
will be important to further explore neutrophil/monocyte-related gene expression profiles in
independent FTLD cohorts.

Moving on to mouse studies, we discussed a new model of TREM2 haploinsufficiency that
more closely mimics the hypomorphic R47H allele that increases risk for AD and FTD.
Trem2 haploinsufficiency in mice appears to specifically exacerbate tau pathology,
suggesting that partial loss of TREMZ2 function in humans may endow microglia with a
unique, detrimental phenotype that promotes tauopathy. Beyond TREMZ2, the past year has
witnessed a renaissance in our understanding of ApoE biology. While it is clear that ApoE
can exert cell-autonomous and non-cell-autonomous effects on neurons, astrocytes and
microglia, it is also apparent that ApoE drives a gene expression program downstream of
TREM2 and in response to aging and neurodegeneration. The E4 allele of ApoE, now
implicated as an FTD risk factor by pleiotropy analysis, has recently been shown to
exacerbate tau pathology independent of its effects on amyloid pathology, and also promotes
the presence of activated microglia in models of tauopathy.

Moving forward, the most important questions to address include determining whether
microglial responses are generally beneficial or detrimental with regard to FTLD pathology,
whether the nature of the response depends on the type of pathology (e.g., TDP-43 vs. tau),
and whether the response changes over the course of disease. Beyond microglia, there are
preliminary suggestions that peripheral myeloid cells may show significant alterations in
FTD, just as there are now hints that some non-microglia myeloid cells may be present in
the AD brain. It will thus be crucial to determine which additional immune cell populations
are most relevant in FTD. Work from mouse models indicates that, at least in some contexts,
activation of microglia in the context of ongoing TDP-43 pathology may have a profound,
beneficial effect. The next few years of research are likely to greatly enhance our
understanding of immunological mechanisms in FTLD and related forms of
neurodegeneration.

Curr Opin Neurol. Author manuscript; available in PMC 2021 April 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sirkis et al.

Financial su

Pri

Page 8

pport and sponsorship

mary research support in the Yokoyama lab is provided by the Rainwater Charitable Foundation, the Bluefield

Project to Cure FTD, the Association for Frontotemporal Degeneration Susan Marcus Memorial Fund Clinical
Research Grant, the Larry L. Hillbolom Foundation (2016-A-005-SUP), the National Institute on Aging (K01
AG049152), and the John Douglas French Alzheimer’s Foundation. The funders had no role in study design, data

col

References
1.

10

11.

12.

13.

14.

lection and analysis, decision to publish, or preparation of the manuscript.

Goldman JS, Farmer JM, Wood EM, Johnson JK, Boxer A, Neuhaus J, Lomen-Hoerth C,
Wilhelmsen KC, Lee VM-Y, Grossman M, et al.: Comparison of family histories in FTLD subtypes
and related tauopathies. Neurology 2005, 65:1817-1819. [PubMed: 16344531]

. Rohrer JD, Guerreiro R, Vandrovcova J, Uphill J, Reiman D, Beck J, Isaacs AM, Authier A, Ferrari

R, Fox NC, et al.: The heritability and genetics of frontotemporal lobar degeneration. Neurology
2009, 73:1451-1456. [PubMed: 19884572]

. Seelaar H, Kamphorst W, Rosso SM, Azmani A, Masdjedi R, de Koning I, Maat-Kievit JA, Anar B,

Donker Kaat L, Breedveld GJ, et al.: Distinct genetic forms of frontotemporal dementia. Neurology
2008, 71:1220-1226. [PubMed: 18703462]

. Sjogren M, Wallin A: Pathophysiological aspects of frontotemporal dementia--emphasis on

cytoskeleton proteins and autoimmunity. Mech. Ageing Dev 2001, 122:1923-1935. [PubMed:
11589911]

. Sjoégren M, Folkesson S, Blennow K, Tarkowski E: Increased intrathecal inflammatory activity in

frontotemporal dementia: pathophysiological implications. J. Neurol. Neurosurg. Psychiatr 2004,
75:1107-1111.

. Hansen DV, Hanson JE, Sheng M: Microglia in Alzheimer’s disease. J Cell Biol 2018, 217:459-

472. [PubMed: 29196460]

. Broce I, Karch CM, Wen N, Fan CC, Wang Y, Hong Tan C, Kouri N, Ross OA, Haglinger GU,

Muiller U, et al.: Immune-related genetic enrichment in frontotemporal dementia: An analysis of
genome-wide association studies. PL0oS Med 2018, 15:¢1002487. [PubMed: 29315334]
@Demonstrates substantial overlap in the genetic architectures of FTD and immune disorders.

. Bonham LW, Karch CM, Fan CC, Tan C, Geier EG, Wang Y, Wen N, Broce 1J, Li Y, Barkovich MJ,

et al.: CXCR4 involvement in neurodegenerative diseases. Transl Psychiatry 2018, 8:73. [PubMed:
29636460]

. Yokoyama JS, Karch CM, Fan CC, Bonham LW, Kouri N, Ross OA, Rademakers R, Kim J, Wang

Y, Hoglinger GU, et al.: Shared genetic risk between corticobasal degeneration, progressive
supranuclear palsy, and frontotemporal dementia. Acta Neuropathol 2017, 133:825-837. [PubMed:
28271184]

. Li G, Adesnik H, Li J, Long J, Nicoll RA, Rubenstein JLR, Pleasure SJ: Regional distribution of
cortical interneurons and development of inhibitory tone are regulated by Cxcl12/Cxcr4 signaling.
J Neurosci 2008, 28:1085-1098. [PubMed: 18234887]

Bonham LW, Steele NZR, Karch CM, Manzoni C, Geier EG, Wen N, Ofori-Kuragu A, Momeni P,
Hardy J, Miller ZA, et al.: Protein network analysis reveals selectively vulnerable regions and
biological processes in FTD. Neurol Genet 2018, 4:€266. [PubMed: 30283816]

Umoh ME, Dammer EB, Dai J, Duong DM, Lah JJ, Levey Al, Gearing M, Glass JD, Seyfried NT:
A proteomic network approach across the ALS-FTD disease spectrum resolves clinical phenotypes
and genetic vulnerability in human brain. EMBO Mol Med 2018, 10:48-62. [PubMed: 29191947]
@Provides evidence at the proteomic level that inflammation-related modules are altered along the
FTD-ALS spectrum.

Pawlowski M, Lueg G, Gross CC, Johnen A, Kramer J, Weckesser M, Wiendl H, Meuth SG,
Duning T: Relevance of raised cerebrospinal fluid monocyte levels in patients with frontotemporal
dementia. Neurobiol. Aging 2018, 62:45-52. [PubMed: 29107846] @Provides evidence that
monocyte populations may be altered in blood and CSF in FTD.

Friedman BA, Srinivasan K, Ayalon G, Meilandt WJ, Lin H, Huntley MA, Cao Y, Lee S-H,
Haddick PCG, Ngu H, et al.: Diverse Brain Myeloid Expression Profiles Reveal Distinct

Curr Opin Neurol. Author manuscript; available in PMC 2021 April 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sirkis et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Page 9

Microglial Activation States and Aspects of Alzheimer’s Disease Not Evident in Mouse Models.
Cell Rep 2018, 22:832-847. [PubMed: 29346778] @Demonstrates important similarities and
differences in myeloid gene expression profiles among various mouse models and between
neurodegeneration models and human AD.

Matarin M, Salih DA, Yasvoina M, Cummings DM, Guelfi S, Liu W, Nahaboo Solim MA, Moens
TG, Paublete RM, Ali SS, et al.: A genome-wide gene-expression analysis and database in
transgenic mice during development of amyloid or tau pathology. Cell Rep 2015, 10:633-644.
[PubMed: 25620700]

Chen-Plotkin AS, Geser F, Plotkin JB, Clark CM, Kwong LK, Yuan W, Grossman M, Van Deerlin
VM, Trojanowski JQ, Lee VM-Y: Variations in the progranulin gene affect global gene expression
in frontotemporal lobar degeneration. Hum Mol Genet 2008, 17:1349-1362. [PubMed: 18223198]
Webster JA, Gibbs JR, Clarke J, Ray M, Zhang W, Holmans P, Rohrer K, Zhao A, Marlowe L,
Kaleem M, et al.: Genetic control of human brain transcript expression in Alzheimer disease. Am J
Hum Genet 2009, 84:445-458. [PubMed: 19361613]

Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie E, Cruchaga C, Sassi C,
Kauwe JSK, Younkin S, et al.: TREM2 variants in Alzheimer’s disease. N. Engl. J. Med 2013,
368:117-127. [PubMed: 23150934]

Jonsson T, Stefansson K: TREM2 and neurodegenerative disease. N. Engl. J. Med 2013, 369:1568—
1569.

Su W-H, Shi Z-H, Liu S-L, Wang X-D, Liu S, Ji Y: The rs75932628 and rs2234253
polymorphisms of the TREM2 gene were associated with susceptibility to frontotemporal lobar
degeneration in Caucasian populations. Ann. Hum. Genet 2018, 82:177-185. [PubMed:
29322490]

Wang Y, Cella M, Mallinson K, Ulrich JD, Young KL, Robinette ML, Gilfillan S, Krishnan GM,
Sudhakar S, Zinselmeyer BH, et al.: TREM2 Lipid Sensing Sustains the Microglial Response in an
Alzheimer’s Disease Model. Cell 2015, 160:1061-1071. [PubMed: 25728668]

Yeh FL, Wang Y, Tom |, Gonzalez LC, Sheng M: TREM2 Binds to Apolipoproteins, Including
APOE and CLU/APOJ, and Thereby Facilitates Uptake of Amyloid-Beta by Microglia. Neuron
2016, 91:328-340. [PubMed: 27477018]

Song WM, Joshita S, Zhou Y, Ulland TK, Gilfillan S, Colonna M: Humanized TREMZ2 mice reveal
microglia-intrinsic and -extrinsic effects of R47H polymorphism. J Exp Med 2018, 215:745-760.
[PubMed: 29321225]

Leyns CEG, Ulrich JD, Finn MB, Stewart FR, Koscal LJ, Remolina Serrano J, Robinson GO,
Anderson E, Colonna M, Holtzman DM: TREM2 deficiency attenuates neuroinflammation and
protects against neurodegeneration in a mouse model of tauopathy. Proc Natl Acad Sci USA 2017,
114:11524-11529. [PubMed: 29073081]

Sayed FA, Telpoukhovskaia M, Kodama L, Li Y, Zhou Y, Le D, Hauduc A, Ludwig C, Gao F,
Clelland C, et al.: Differential effects of partial and complete loss of TREM2 on microglial injury
response and tauopathy. Proc Natl Acad Sci USA 2018, doi:10.1073/
pnas.1811411115.@Demonstrates that Trem2 haploinsufficiency has a specific, detrimental effect
on murine microglial function in the context of tauopathy.

Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Szternfeld R, Ulland TK, David
E, Baruch K, Lara-Astaiso D, Toth B, et al.: A Unique Microglia Type Associated with Restricting
Development of Alzheimer’s Disease. Cell 2017, 169:1276-1290.e17. [PubMed: 28602351]

Ulland TK, Song WM, Huang SC-C, Ulrich JD, Sergushichev A, Beatty WL, Loboda AA, Zhou Y,
Cairns NJ, Kambal A, et al.: TREM2 Maintains Microglial Metabolic Fitness in Alzheimer’s
Disease. Cell 2017, 170:649-663.e13. [PubMed: 28802038]

Ferrari R, Wang Y, Vandrovcova J, Guelfi S, Witeolar A, Karch CM, Schork AJ, Fan CC, Brewer
JB, International FTD-Genomics Consortium (IFGC), et al.: Genetic architecture of sporadic
frontotemporal dementia and overlap with Alzheimer’s and Parkinson’s diseases. J. Neurol.
Neurosurg. Psychiatr 2016, doi:10.1136/jnnp-2016-314411.

Lin Y-T, Seo J, Gao F, Feldman HM, Wen H-L, Penney J, Cam HP, Gjoneska E, Raja WK, Cheng
J, etal.: APOE4 Causes Widespread Molecular and Cellular Alterations Associated with
Alzheimer’s Disease Phenotypes in Human iPSC-Derived Brain Cell Types. Neuron 2018,
98:1141-1154.e7. [PubMed: 29861287]

Curr Opin Neurol. Author manuscript; available in PMC 2021 April 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sirkis et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 10

Kang SS, Ebbert MTW, Baker KE, Cook C, Wang X, Sens JP, Kocher J-P, Petrucelli L, Fryer JD:
Microglial translational profiling reveals a convergent APOE pathway from aging, amyloid, and
tau. J Exp Med 2018, 215:2235-2245. [PubMed: 30082275] @Demonstrates that a common
network of Apoe-driven microglial genes is expressed in response to aging and in models of
neurodegeneration.

Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, Fatimy EI R, Beckers L, O’Loughlin E,
Xu'Y, Fanek Z, et al.: The TREM2-APOE Pathway Drives the Transcriptional Phenotype of
Dysfunctional Microglia in Neurodegenerative Diseases. Immunity 2017, 47:566-581.e9.
[PubMed: 28930663] @Identifies an Apoe-driven expression network in microglia and
demonstrates its dependence on Trem2 signaling.

Bailey CC, DeVaux LB, Farzan M: The Triggering Receptor Expressed on Myeloid Cells 2 Binds
Apolipoprotein E. J Biol Chem 2015, 290:26033-26042. [PubMed: 26374897]

Atagi Y, Liu C-C, Painter MM, Chen X-F, Verbeeck C, Zheng H, Li X, Rademakers R, Kang SS,
Xu H, et al.: Apolipoprotein E Is a Ligand for Triggering Receptor Expressed on Myeloid Cells 2
(TREM2). J Biol Chem 2015, 290:26043-26050. [PubMed: 26374899]

Song WM, Colonna M: The identity and function of microglia in neurodegeneration. Nat Immunol
2018, 19:1048-1058. [PubMed: 30250185]

Shi Y, Yamada K, Liddelow SA, Smith ST, Zhao L, Luo W, Tsai RM, Spina S, Grinberg LT, Rojas
JC, et al.: ApoE4 markedly exacerbates tau-mediated neurodegeneration in a mouse model of
tauopathy. Nature 2017, 549:523-527. [PubMed: 28959956] @Indicates that the ApoE4 allele has
a toxic gain of function in a tauopathy model and promotes microgliosis.

Spiller KJ, Restrepo CR, Khan T, Dominique MA, Fang TC, Canter RG, Roberts CJ, Miller KR,
Ransohoff RM, Trojanowski JQ, et al.: Microglia-mediated recovery from ALS-relevant motor
neuron degeneration in a mouse model of TDP-43 proteinopathy. Nat Neurosci 2018, 21:329-340.
[PubMed: 29463850] @Demonstrates a surprising and important role for microglial activation in
functional recovery from TDP-43 pathology.

Freischmidt A, Wieland T, Richter B, Ruf W, Schaeffer V, Miller K, Marroquin N, Nordin F,
Hibers A, Weydt P, et al.: Haploinsufficiency of TBK1 causes familial ALS and fronto-temporal
dementia. Nat Neurosci 2015, 18:631-636. [PubMed: 25803835]

Pottier C, Bieniek KF, Finch N, van de Vorst M, Baker M, Perkersen R, Brown P, Ravenscroft T,
van Blitterswijk M, Nicholson AM, et al.: Whole-genome sequencing reveals important role for
TBK1 and OPTN mutations in frontotemporal lobar degeneration without motor neuron disease.
Acta Neuropathol 2015, 130:77-92. [PubMed: 25943890]

Xu D, Jin T, Zhu H, Chen H, Ofengeim D, Zou C, Mifflin L, Pan L, Amin P, Li W, et al.: TBK1
Suppresses RIPK1-Driven Apoptosis and Inflammation during Development and in Aging. Cell
2018, 174:1477-1491.e19. [PubMed: 30146158] @Shows that a gene previously implicated as a
cause of familial FTLD and ALS encodes a protein that suppresses neuroinflammation.
Greenhalgh AD, Zarruk JG, Healy LM, Baskar Jesudasan SJ, Jhelum P, Salmon CK, Formanek A,
Russo MV, Antel JP, McGavern DB, et al.: Peripherally derived macrophages modulate microglial
function to reduce inflammation after CNS injury. PLoS Biol 2018, 16:e2005264. [PubMed:
30332405]

Lund H, Pieber M, Parsa R, Grommisch D, Ewing E, Kular L, Han J, Zhu K, Nijssen J, Hedlund E,
et al.: Fatal demyelinating disease is induced by monocyte-derived macrophages in the absence of
TGF-B signaling. Nat Immunol 2018, 19:1-7.

Gadani SP, Walsh JT, Smirnov I, Zheng J, Kipnis J: The glia-derived alarmin IL-33 orchestrates the
immune response and promotes recovery following CNS injury. Neuron 2015, 85:703-709.
[PubMed: 25661185]

Carlock C, Wu J, Shim J, Moreno-Gonzalez I, Pitcher MR, Hicks J, Suzuki A, lwata J, Quevedo J,
Lou Y: Interleukin33 deficiency causes tau abnormality and neurodegeneration with Alzheimer-
like symptoms in aged mice. Transl Psychiatry 2017, 7:e1164. [PubMed: 28675392]

Vainchtein ID, Chin G, Cho FS, Kelley KW, Miller JG, Chien EC, Liddelow SA, Nguyen PT,
Nakao-Inoue H, Dorman LC, et al.: Astrocyte-derived interleukin-33 promotes microglial synapse
engulfment and neural circuit development. Science 2018, 359:1269-1273. [PubMed: 29420261]

Curr Opin Neurol. Author manuscript; available in PMC 2021 April 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sirkis et al.

Page 11

45. Smith D, Helgason H, Sulem P, Bjornsdottir US, Lim AC, Sveinbjornsson G, Hasegawa H, Brown
M, Ketchem RR, Gavala M, et al.: A rare 1L33 loss-of-function mutation reduces blood eosinophil
counts and protects from asthma. PLoS Genet 2017, 13:e1006659. [PubMed: 28273074]

Curr Opin Neurol. Author manuscript; available in PMC 2021 April 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sirkis et al.

Page 12
Key points
. Recent genetic, transcriptomic and proteomic studies indicate altered immune
system function in FTD-spectrum disorders.
. Emerging evidence suggests that, beyond brain-resident microglia, peripheral
myeloid cells may also be altered in FTD.
. Mouse models relevant to FTD suggest important roles for 7remZ2, Apoe and

Tbk1 in regulating microglial function and the neuroinflammatory response.
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Figure 1. Neutrophil/monocyte expression module genes show differential expression in a model
of FTLD-tau, in human GRN+ FTLD, and in human AD.

Heatmap and line plots depict neutrophil/monocyte gene module [14] expression changes in
P301L transgenic mice relative to wild type mice across lifespan (data from [15]; http://
www.mouseac.org; GSE64398). (a) Average fold change in expression for each of the 16
myeloid genes with data available is depicted by heatmap. Tissue type (i.e., cortex,
hippocampus, or cerebellum) was the predominant grouping when organized by columns,
followed by tau status and age, with the exception of 18-month-old P301L hippocampus and
cortex, which were categorized separately (far right on heatmap). Fold change in expression
was calculated for each group (e.g., cerebellar tissue from 4-month-old wild type mice)
relative to average expression for each gene. (b-f) Expression profiles are shown for selected
genes that were differentially expressed over mouse lifespan when grouped by P301L status,
tissue type, and age (Praw < 0.05 by ANOVA). (b,c) Ccnd2and Gaa (encoding cyclin D2 and
guanine deaminase, respectively) were expressed most highly in cortex and hippocampus in
P301L mice and showed decreased expression at 18 months in P301L cortex. (d-f) Aoah,
Len2, and S100a6 (encoding Acyloxyacyl hydrolase, Neutrophil gelatinase-associated
lipocalin, and S100-A6 [Calcyclin], respectively) were remarkable for increased expression
during aging in P301L cortex and/or hippocampus. (g,h) Fold change in expression was
calculated for each gene relative to its average expression level in the control group. (g)
CCNDZ2, AOAH, and S100A6 were determined to be differentially expressed in human GRN
+ FTLD cortex using the Brain Myeloid Landscape (BML) tool (p,gj < 0.05; [14]; http:/
research-pub.gene.com/BrainMyeloidLandscape). To independently confirm these changes,
we performed secondary statistical analysis on the GRA+ FTLD cortex data ([16];
GSE13162), including age, sex, and postmortem interval as covariates. Consistent with the
primary analysis, at least one microarray probe for each of these genes showed significant
differential expression (CCND2, praw < 0.004; AOAH, praw < 0.02; S100A6, praw < 0.0002).
(h) CCND2 was further analyzed for differential expression in human AD brain using BML,
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and was found to be significantly decreased in fusiform gyrus (pagj < 0.05; [14]; GSE95587)
and temporal cortex (pagj < 0.0001; [17]; GSE15222). Error bars represent 95% confidence
intervals.
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