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CHAPTER 1
INTRODUCTION

Alzheimer’s Disease

Prevalence and Clinical Characterization
Alzheimer’s disease (AD) is a progressive neurodegenerative disease and the
most common form of dementia leading to cognitive decline and memory loss. AD was
the seventh major cause of death in the U.S. in 2020 and 2021 1; furthermore, the only
top ten illness without an effective treatment to slow or cure, as current therapies are
not proven successful in preventing eventual decline in cognitive functioning2.
Age is the number one risk factor for AD. More than one in nine seniors are
affected with AD in the U.S. and this number is expected to grow rapidly as the
population of individuals aged 65 and older is projected to expand by 30 million by
2050. While an estimated 6.2 million seniors are currently living with AD, this number is
forecasted to double in less than 30 years1. The lack of disease-modifying treatment
and growing prevalence of AD have created a desperate need for novel disease targets
and renewed drug discovery approaches.
AD is nosologically defined by two distinct biochemical lesions, both with prion-like
activity; extracellular plaques of amyloid-β (Aβ) and intraneuronal tangles of
hyperphosphorylated tau proteins in brain. Parenchymal Aβ plaques are composed of
mainly toxic Aβ1-42 species (which aggregate faster and more frequently) and, to a
lesser extent, shorter forms such as Aβ1-40 and truncated Aβ peptides with relatively
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less or slower aggregation potential3. However, neuroimaging technologies such as
magnetic resonance imaging (MRI), computerized tomography (CT) and positron
emission tomography (PET) used to detect abnormal presence of these two pathologies
are costly, and still in the adaptation period for widespread clinical use4. Alternatively, or
in conjunction with neuroimaging, CSF biomarkers, genetic testing, neuropsychological
exams, and more recently, blood biomarkers5, 6, have supplemented the process and
allow for the diagnoses of mild cognitive impairment due to AD (MCI due to AD), as well
as probable AD. Gold standard AD diagnosis is confirmed through post-mortem autopsy
identification of abnormal levels of Aβ and neurofibrillary tangles in brain.
Despite the colloquial characterization of Alzheimer’s disease as a dementia, a
substantial portion of the disease continuum exists in the absence of noticeable
cognitive deficit before the onset of overt dementia. In fact, it is preceded by both
asymptomatic preclinical and mild cognitive impairment (MCI) or “prodromal” periods
which are known to span a remarkable time of up to 20+ and 10+ years, respectively 7.
MCI is diagnosed according to the National Institutes of Aging and the Alzheimer’s
Association (NIA-AA) as the absence of dementia and preserved independent
functioning in daily life, paired with a concern about the onset of changes in cognitive
functioning, and impairment of at least one cognitive domain, i.e., memory, outside the
expected range of scoring given the individual’s age and education. And MCI diagnosis
paired with abnormal CSF biomarker levels of Aβ1-42 and tau indicate a diagnosis of MCI
due to AD8. An estimated 32% of individuals diagnosed with MCI progress to
Alzheimer’s dementia within five years9. Therefore, older individuals with MCI represent
a key population of interest for AD biomarker research. This characteristic temporal
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progression of AD dementia provides a substantial window in which we may detect
pathological changes before irreversible cognitive deficits occur. Identifying and
characterizing novel biomarkers in these earlier stages of disease may lead to
breakthroughs in the prevention of AD.

Concomitant Neuropathology
Despite AD being the most common cause of dementia, AD-associated Aβ
plaques and neurofibrillary tangles are most frequently accompanied by brain changes
linked to other causes of dementia. Examples of these include concomitant
neurodegenerative disease pathologies including Lewy bodies or TDP-43, but also
concomitant cerebrovascular disease (CVD) pathologies including cerebral infarcts,
arteriolosclerosis, atherosclerosis, and cerebral amyloid angiopathy. One post-mortem
study showed that over 80% of older individuals had mixed neuropathologies while only
3% had isolated AD neuropathology10. In fact, 50-84% of brains from persons who lived
past 80 years of age show morphological substrates of both CVD and AD11, 12. There is
a substantial overlap between the presentation of AD and vascular dementia (VaD) and
individuals may also be diagnosed with mixed vascular-Alzheimer’s dementia (MVAD)13.
The interaction between AD and vascular pathology remains incompletely
understood; most studies suggest synergistic effects of the two on cognitive decline 12, 1417,

however, the relative degree of permeance and relationship of cerebrovascular

pathology to AD remains debated18-25. As we age, particularly as our risk increases for
several shared vascular and AD risk factors such as hypertension, sedentary lifestyle 26,
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or diabetes, our vascular system attempts to compensate in terms of its ability to
regulate cerebral blood flow27. Healthy aging causes the vascular endothelium to
increasingly bear damage from cerebrovascular and parenchymal pathology and
subsequent production of reactive oxidative species and inflammatory mediators;
processes which may become exaggerated, and eventually pathological, in AD 27, 28.
Changes in brain endothelial cells may include deposition of collagen, hypertensive
scarring or thickening of the vessel, and subsequent ischemia/hypoxia to the local
cerebrum. Specifically, in AD, the pathological burden of both Aβ and neurofibrillary
tangles is indeed known to lead to increases in both the biomechanical and metabolic
dysfunction of cerebrovascular cells27. For instance, Aβ-induced activation of
perivascular macrophages leads to NADPH oxidase production of free radicals and
subsequent endothelial Ca2+ dysregulation. Aβ is also thought to reduce blood flow and
lower the threshold of susceptibility of blood vessels to ischemia. This is in line with the
fact that individuals with AD diagnosis have an increased risk of stroke 29. Pathological
Aβ accumulation is also known to lead to increases in intracellular filamentous tau
pathology. The release of tau into brain interstitial fluid is believed to contribute to
perivascular toxicity and thus changes in blood vessel structure and function30. It is also
known that tau contributes to mitochondrial dysfunction as well as the
neuroinflammatory environment which regulates essential tight junctions and
extracellular matrix components of the cerebrovascular system. In these manners, tau
pathology is thought to contribute to cerebrovascular impairment in AD.
Supporting this idea of synergism, vascular pathology, in return, has been linked to
an increased burden of AD pathology. In fact, vascular risk factors have been shown to
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be some of the most important and modifiable in AD31. Some of these include
hypertension, heart disease, and physical inactivity. Indeed, high blood pressure is
known to promote atherosclerosis, lowering cerebral blood supply and oxygenation32,
subsequently promoting infarction33. And cerebrovascular dysfunction in general is
thought to contribute to brain atrophy, and protein build-up of Aβ as well as tau34 via
mechanistic links between vasogenic regulation, inflammation, and oxidative stress35-37.
For example, CAA compromises perivascular drainage of Aβ and may lead to arterial
rupture, further decreasing the threshold for widespread dysregulation of immune and
ROS signaling38. Arterial occlusion in aged mice demonstrates profuse white matter
damage accompanied by increases in hyperphosphorylation and biofluidic detection of
tau34. Additional work in hypertensive rats shows that cerebral hypoperfusion and
ischemia promote tau hyperphosphorylation39 suggesting cerebrovascular deficits may
promote AD neuropathology independent of disease. Moreover, cerebrovascular
dysfunction exists upstream of symptomology in individuals at risk for AD, including
increased BBB permeability40 and reduced cerebral blood flow41. This suggests an early
contribution of cerebrovascular dysfunction to resultant AD cognitive decline.
The cerebrovascular environment is tightly regulated in concert by a network of
diverse cell types, including neurons, glia, pericytes, endothelial, and smooth muscle
cells, and this has been termed the neurovascular unit (NVU) which ultimately maintains
cerebral blood flow and gates molecular transport across the blood-brain barrier (BBB).
While the role of cerebrovascular pathology in AD has been increasingly recognized,
underlying immune dysfunction, specifically glial activation, is similarly gaining focus.
And glial activation has more recently become recognized as a cardinal feature of the
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disease in addition to cerebrovascular pathology. With the advent of TSPO PET
neuroimaging, clinical studies have revealed increases in microglial activation in both
MCI- and AD-stage patients42. Glial activation and neuroinflammation are inextricably
linked with AD pathophysiology. And indeed, in 1907, Alois Alzheimer first described
morphological deviations in glial cells upon examination of AD patients’ brains 43. Tissueresident innate immune cells, namely microglia, are critical regulators of the
inflammation status, as well as the health and longevity of neurons in the brain. They
are programmed to respond to and help eliminate pathogenic stimuli, however, in the
context AD these homeostatic functions may go awry and contribute to the
neurodegenerative process44. Undoubtedly, microglial dynamics throughout the
complex disease process represent a vital window into the etiology of AD.
The variety and prevalence of these different combinations of concomitant brain
neuropathology in AD are thought to represent one of the most difficult challenges to AD
drug discovery. More specifically, this phenotypic heterogeneity presents a challenge to
both target selection and recruitment phases of drug discovery with many individuals
harboring vascular or other risk factors that may lead to drug contraindications.

Pharmacological Treatments
There are four FDA-approved pharmacological agents currently available for the
treatment of cognitive symptoms associated with AD4. In addition, one more recently
approved drug, aducanumab, was designed to slow the progression of AD by means of
targeting and removing Aβ plaques in the brain – the first and only disease-modifying
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treatment. However, it’s accelerated approval process, which leaves the drug under
continued phase 4 surveillance by manufacturer, Biogen, after passing a surrogate
endpoint (plaque reduction), precludes the determination of robust efficacy in translating
improvements in Aβ burden into cognitive benefits. Such post-approval studies are still
needed to demonstrate clinical efficacy. And this has left quite a few questions and even
controversies surrounding the approval process45, 46.
While it may take several or more years to fully determine the impact of
aducanumab on the treatment of individuals with AD, and while the cost is also
projected to be very high for both patients and insurers46, this leaves a continued need
for other disease-modifying therapeutics, particularly those that may not rely on the
direct targeting of Aβ as have a long line of previously failed anti-Aβ antibodies. In fact,
over 60 clinical trials targeting amyloid have failed, including that of the recent DIAN
trial47 which includes participants with dominant mutations in the amyloidogenic
pathway. Certainly, there are many theories as to why targeting and clearing amyloid
along a causal pathway has not yet translated into desired success. This includes
recruiting patient populations who have progressed too far along the disease process to
reap a desired benefit, which is also a result of a failure to identify and recruit individuals
at risk for AD before major pathological developments occur. But also, severe side
effects such as amyloid-related imaging abnormalities (ARIA), lack of agreement on
dosages, as well as which form of Aβ in the brain to target (i.e., monomers, oligomers,
protofibrils, fibrils, or mature plaque) have all led to major hinderances in this area of
drug development. Despite the complicated history of Aβ-targeting drugs, there is a
continued focus on these drugs. For example, early data from Eli Lilly shows
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donanemab may have some degree of cognitive benefit48. Unlike other monoclonal
anti-Aβ antibodies, donanemab recognizes a pyroglutamate Aβ form (Aβp3-42) which is
aggregated in established plaques. Therefore, the potential of the drug to clear existing
plaque as opposed to solely preventing the growth of new plaques may have
contributed to the retention of amyloid clearance after one year in participants from the
TRIALBLAZER-ALZ trial. This hope is balanced with caution as previous plaquetargeting antibodies led to brain microhemorraging49. Currently, a phase 3 head-to-head
comparison of aducanumab and donanemab in terms of their relative efficacy to clear
plaque is underway (https://clinicaltrials.gov/ct2/show/NCT05108922).
In light of growing evidence of the roles of the neuroimmune system in AD,
immune-regulating drugs have been increasingly prevalent in the AD drug development
pipeline. Many of these are thought to act upstream of AD neuropathology, including
biologics as well as small molecules50. This includes an ERK inhibitor, NE3107, in
phase 3 trials that selectively inhibits neuroinflammation with insulin-sensitizing
properties. Relevant to the focus of this dissertation, Alector and AbbVie have partnered
to develop AL002, a humanized monoclonal IgG1 antibody which agonizes the
microglial receptor TREM2 (discussed at length below) leading to microglial proliferation
and compaction and clearance of Aβ plaque in 5XFAD as well as APP/PS1 mice after
72 hours. The antibody is well tolerated, and a phase 2 (INVOKE-2) trial is currently
running through 2023 enrolling 265 individuals with early AD51. The current trend in
diversifying AD drug targets beyond amyloid and tau may lead to critical advancements
in our understanding of the pathogenic features of underlying immune dysregulation in
AD while also offering earlier intervention strategies.
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Moving away from efforts at disease modification, donepezil, galantamine,
rivastigmine, and memantine are currently widely used and prescribed for the alleviation
of AD cognitive symptoms, improving memory and thinking in people suffering from AD.
The first three drugs are acetylcholinesterase inhibitors which act to increase the
amount of acetylcholine available in the synapse. Memantine, however is a low-affinity,
uncompetitive, NDMA receptor inhibitor which improves nerve cell communication by
reducing excess stimulation which arises from excitotoxic glutamate release 4. Finally,
there is a single drug which is used and approved for sleep abnormality and insomnia in
individuals living with AD, suvorexant, which works by antagonizing both the OX1R and
OX2R orexin receptors52.
In summary, although we have a handful of drugs which are widely used to treat
AD symptoms, we are left with a desperate need for a pharmacological prevention of
AD as well as a deeper understanding of the etiological causes of AD dementia and
cognitive decline. Particularly, there has been increased focus on immune- and
cerebrovascular-interplay in AD pathophysiology and the identification and
characterization of early-detection biomarkers and immune targets.

TREM2 and sTREM2 Overview
Biological Functions
Triggering Receptor Expressed on Myeloid Cells-2 (TREM2) is a type 1
transmembrane member of the TREM family and immunoglobulin superfamily of
receptors, with a molecular weight dependent on the presence and extent of post-
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translational modification (~30-50kDa)53. In brain, TREM2 is preferentially expressed on
microglia, and to a much lesser degree, infiltrating monocytes, and macrophages54, 55.
Of note, is the increased expression of TREM2 on circulating monocytes observed in
AD patients as compared to controls56 and of individuals converting from MCI to AD as
compared to MCI nonconverters57. Therefore, it’s conserved myeloid-type expression
hints at roles in both phagocytic immune regulation as well as peripheral-central
nervous system communication. TREM2 and its accompanying signaling machinery
are, in the broadest sense, sensors of the tissue microenvironment. As such, TREM2’s
large extracellular domain harbors a basic patch which aids in the binding of a diversity
of anionic ligands through pattern recognition such as bacterial surfaces, DNA,
phospholipids, and lipoprotein products58, 59. This includes APOE isoforms and Aβ
molecules. Subsequently, TREM2 happens to exist at the intersections of immune
homeostasis, specifically the sensing of tissue degeneration, and plaque accumulation,
as well as APOE signaling.
Beyond the extracellular domain, TREM2 contains a single transmembrane helix and
a relatively short cytoplasmic tail. Therefore, TREM2 is thought to rely on adaptor
proteins for signal transduction. For example, DNAX activating protein of 12 kDa
(DAP12 also known as TYROBP) acts as a co-receptor, interacting with the
transmembrane region of TREM2, and upon ligand interaction with TREM2, DAP-12 is
phosphorylated on tyrosine residues within an immunoreceptor tyrosine-based
activation motif (ITAM) recruiting additional signal transduction components such as the
activation of spleen tyrosine kinase (Syk) and PI3K (for DAP10)58. Transcriptional
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regulation downstream of TREM2 activation is associated with microglial survival,
mobility, proliferation, phagocytosis, and inflammation regulation 60, 61.
Therefore, in a healthy aging individual, TREM2 is designed to be efficient at a
number of important microglial regulatory functions including maintaining the balance of
pro- and anti-inflammatory mediators, sustaining a healthy density of microglial cells
which is known to decrease as we age62, and promoting the activation of brain tissue
repair pathways63 and the health of neurons and additional cell types, especially in the
face of white matter insult or neurodegeneration64, 65. For all of the reasons above, it is
no wonder that TREM2 dysfunction is found at the crossroads of numerous genetic and
molecular risk factors for AD.
A soluble form of TREM2 (sTREM2) was first discovered in human CSF and serum
in 2008 by authors Piccio et al66. The molecular weight of sTREM2 was determined to
have a wide range typical of its parent form due to post-translational glycosylation (2440 kDa). Production of sTREM2 was found to occur mainly by ectodomain shedding
and by alternative splicing to a lesser extent (20-25%)67. Membrane-bound TREM2 may
be cleaved by several a distintegrin and metalloproteases (ADAM10/ADAM17) between
histidine 157 and serine 158 releasing sTREM2 into the extracellular space 68, 69. There
is a sequential proteolytic processing of TREM2 where this generation of sTREM2
initiates and reveals the C-terminal fragment which is then cut by γ-secretase aiding in
the removal of remaining fragment from the membrane70. However, the biological
impacts of sTREM2 shedding, including constitutive or disease functions remain
incompletely understood.
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In fact, it wasn’t until 2015 that a functional role for sTREM2 had been outlined in
vitro, driving bone marrow derived macrophage (BMDM) expansion and survival in cells
from both WT and Trem2-/- mice71. These same authors found that IL-13 induced a
robust increase in sTREM2 levels released from BMDMs which was attenuated in cells
from Dap12-/- mice, suggesting DAP12 and IL-13 contributed to sTREM2 production and
subsequent sTREM2-dependent functions71. Despite this finding, receptor shedding
may be initiated by various biological mechanisms and other potential regulators of
sTREM2 production may remain undiscovered, particularly in disease contexts.
Because TREM2 signaling function at the myeloid membrane is critical for numerous
homeostatic functions, its removal and subsequent generation of sTREM2 may provide
negative feedback for such cellular activity72, 73. However, the overall impact of
sTREM2 generation on TREM2 receptor activity is still largely unknown. Using a
recombinant sTREM2-Fc protein injected into mouse hippocampi, sTREM2
overexpression was found to significantly increase inflammatory cytokine expression
and microglial activation in WT and Trem2-/- mice demonstrating for the first time in vivo
biological activity74.

Roles in Neurodegenerative Disease
TREM2 receptor has become established as a major central and peripheral
nervous system immune signaling hub, sensitive to an array of chronic and acute
pathological stimuli. Mutations modulating its expression and/or function have been
linked to the risk of several neurodegenerative disorders. While APOE-ε4 is the largest
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single genetic risk factor for late-onset AD (LOAD) with two alleles associated with
about a 12-fold risk75, the R47H TREM2 mutation confers about a 3-5-fold risk76, 77,
similar to that of a single APOE-ε4 copy. TREM2 and DAP12 (TYROBP) homozygous
mutations are known to cause Nasu-Hakola disease characterized by bone cysts,
sclerosing leukoencephalopathy, and presenile dementia78-80. TREM2 mutations have
also been associated with frontotemporal dementia76, 81 and Parkinson’s disease82.
Additional heterozygous mutations, particularly in the ligand binding domain of TREM2
have been associated with increased AD risk. Similar to R47H, this includes another
loss of function mutation, R62H, both of which are known to impair TREM2-mediated
microglial activation and decrease microglial coverage of Aβ plaques. Others are also
reported as hypofunctional, affecting expression or folding such as glutamine-33-stop
(Q33X) and T66M61, 83. These findings help to understand the importance of functional
TREM2 on the cell surface membrane and implications of TREM2 dysfunction in the
context of Aβ deposition.
Similar to full-length TREM2, sTREM2 signaling was recently shown to regulate
microglial clearance of Aβ plaque. Specifically, the pro-inflammatory effect on microglia
via sTREM2 binding to an unknown receptor was shown to ameliorate Aβ pathology in a
mouse model of AD by promoting phagocytosis84. Therefore, sTREM2 and TREM2 both
have strong links to AD pathophysiology via their biological roles in innate immune
response to pathological deposition of Aβ, however, TREM2/sTREM2 expression in
relation to tau pathology and more generally, neurodegeneration in AD remains
incompletely observed and obscured due to complex immune dynamics throughout the
disease process.
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For example, one hypothesis is that early increases in sTREM2 and TREM2
expression seem to be protective in the initial stages of AD, while chronic (or sequential)
activation of microglial populations may lead to the dysregulation of this pathway,
inflammatory detriment to surrounding neurons contributing to neurodegeneration, and
eventually, the metabolic failure of microglia themselves in later stages of AD. This may
partially explain contrasting reports of TREM2 function in relation to tau in the preclinical
animal model literature85-88 as microglial activation has been proposed to occur both
before and after the detection of increased tau markers89. And while we know that
increases in CSF sTREM2 are robustly correlated with increases in CSF tau
biomarkers, potentially marking a tipping point between protective- vs. diseaseassociated microglial signaling at the onset of neurodegeneration, comprehensive
studies of TREM2 gene expression associations with AD neuropathology in humans
remain limited in number and size of the cohorts examined90, 91.
An important development in the potential causal roles of the TREM2 pathway in
AD came when Deming et. al. searched for genomic variants associated with sTREM2
levels in CSF92. Utilizing data from 813 individuals in the Alzheimer’s Disease
Neuroimaging Initiative and additional replications cohorts (N=580), Deming and coauthors found two common SNPs in the MS4A gene cluster previously linked to the
regulation of late-onset AD. One of the variants, rs1582763, is an intergenic variant
associated with slower onset and lowered risk of AD, as well as higher CSF sTREM2
concentration. This variant was also shown to promote expression of MS4A4A and
MS4A6A (from human eQTL and cell culture studies)92. The other variant, rs659156, is
a missense variant in the MS4A4A gene which increases AD risk, accelerates onset,
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and reduces sTREM2 expression in CSF. Previous GWAS established that variants in
this locus modulate AD risk by about 10%93, 94. These SNPs regulate expression of the
MS4A protein members themselves and are thought to also regulate TREM2
processing via (at least in part) co-localization and thus a functional interaction. Indeed,
authors found that MS4A4A co-localized with TREM2 in the cytoplasm and membrane
of human macrophages and promoted sTREM2 expression92, 95. It is possible these
MS4A proteins may become viable AD therapeutics themselves, however, this will
require digging deeper into the relationship between TREM2 and MS4A proteins in
order to reveal immunogenetic contributions to LOAD progression, specifically the
interactions of these previously unconnected risk loci on unknown biological pathways
underlying the pathological progression of AD.

Rationale and Aims
TREM2 encodes a myeloid transmembrane receptor with immune sensing
function96 and is therefore an ideal candidate gene to further explore the role of the
innate immune system in AD. TREM2 deficiency has been linked to inflammation,
impaired microgliosis and amyloidosis in AD models60, 97, 98. Similarly, it is associated
with other models of neurodegenerative and inflammatory disease 63, 82, 99-101. This nonspecific innate immune response likely has direct effects on AD pathology and indirect
effects on the clinical manifestation of disease through concomitant pathways of brain
injury. Yet, TREM2 associations with concomitant pathways of injury beyond
amyloidosis have not been well characterized.
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Differential expression of both TREM2 and its soluble fragment have been linked
to AD risk in both animal models and humans. However, studies assessing TREM2
expression in AD have been largely focused on associations between TREM2 levels
and parenchymal Aβ burden96, 102-105. Whereas possible associations between TREM2
levels and other concomitant neuropathology, particularly between cerebrovascular
health outcomes, remains largely unexplored. This is despite several lines of preclinical
evidence linking TREM2 to mechanisms of NVU integrity. TREM2 signaling is known to
induce release of NVU modulating mediators such as pro- and anti-inflammatory
cytokines, reactive oxygen species, and complement factors62, 106, 107. Beyond its
fundamental biological outputs, evidence links TREM2 to several specific mechanisms
of NVU integrity. For example, TREM2 localizes near blood vessels in the human
brain108 and has been implicated in a number of cellular processes that drive CVD
including cell-cell communication at the NVU109, blood-brain barrier permeability110,
leukocyte trafficking111, hypoxia response63, and foam cell formation96, 107. Despite
evidence of these biological processes, there has not yet been a comprehensive
assessment of TREM2 associations with autopsy measures of cerebrovascular disease
and concomitant AD neuropathology (Aim 1).
We hypothesize that myeloid TREM2 is important for homeostatic neuroimmune
signaling and by these means links immune response to hemodynamic and structural
cerebrovascular alterations underlying AD. The results of this aim will help clarify the
therapeutic potential of targeting TREM2 pathways for protection against inflammatorymediated cerebrovascular deficits in aging and AD and may also identify novel
expression associations between TREM2 and cerebrovascular pathology.
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Furthermore, there is an increased effort to properly identify and interpret
efficacious and early biomarkers of immune dysregulation in AD. However, major
methodological limitations of in vivo assessments of CNS immune dysregulation in
humans have precluded a definitive collection of clinically useful inflammatory
biomarkers. And a more granular understanding of underlying immune changes as
indicated by specific biomarkers along the spectrum of disease is needed. While it is
understood that fluctuations in CSF levels of sTREM2 represent microglial dynamics
underlying disease, the exact nature and consequence of sTREM2 elevation in AD is
unknown. And sTREM2’s relationship to AD pathophysiology beyond microglial
activation and parenchymal Aβ burden remains a largely unexplored area of research.
Therefore, given the recent implications of sTREM2 function in the regulation of AD
neuropathology as well as its dynamic expression during AD progression, there is an
intense need to comprehensively characterize CSF sTREM2’s potential as an early AD
biomarker. This includes a need to better understand potential biological relationships of
sTREM2 and concomitant inflammatory and neuropathological mediators of disease
progression including those of cerebrovascular injury (Aim 2). Conclusions from this
aim contribute to CSF sTREM2’s characterization as a complementary biomarker in
aging and AD as well as guiding ongoing efforts towards microglial and TREM2-based
therapeutics for AD.
After establishing the contribution of various AD inflammatory markers to variance
in sTREM2 levels in CSF, it is explored whether or not known genetic regulators of CSF
sTREM2 levels modify these biomarkers associations (Aim 3). Analysis of a pair of
single nucleotide polymorphisms (SNPs) within the membrane-spanning 4-domains
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subfamily A (MS4A) gene cluster with opposing functional annotations including
association with AD risk and onset, as well as CSF sTREM2 levels (namely, rs1582763
and rs6591561), and their potential interaction with sTREM2 on other biomarker
concentrations attempts to answer the question of whether or not genetic regulation of
sTREM2 levels by MS4A mutations is included in a causal pathway leading to
subsequent modulation of neuropathology. These final analyses contribute a more
nuanced understanding of the relationship between this additional AD risk locus and
CSF sTREM2 as well as the impact of its genetic regulation on sTREM2 expression
associations in aging and disease.
The field has largely focused on amyloid clearance as the primary mechanism
underlying innate immune associations in AD, and TREM2 has certainly been
implicated in amyloid plaque clearance. However, emerging evidence suggests the
innate immune response is also critical for the propagation of tau downstream of
amyloidosis and cerebrovascular injury independent of amyloidosis. The over-arching
goal of the analyses herein is to elucidate the role of the innate immune system in the
pathophysiology of AD, focusing on concomitant pathways of injury beyond
parenchymal amyloid plaque deposition associated with TREM2 and sTREM2
expression. The central hypothesis is that TREM2 dysfunction contributes to an
inflammatory environment permissive of the propagation of diverse neuropathology. The
scope of analyses within this dissertation uses cutting-edge bioinformatic methods,
deep transcriptomic and proteomic data from human biospecimen, and detailed
phenotypic data from longitudinal cohort studies to comprehensively characterize
TREM2 expression associations detailed in the following aims:

18

Aim 1. Autopsy Approach: To determine whether TREM2 mRNA transcript is
associated with substrates of (A) cerebrovascular disease and (B) concomitant classical
AD neuropathology, Aβ and tau, over the course of normal aging and AD. Leveraging
Religious Orders Study and Rush Memory and Aging Project (ROS/MAP) RNA
sequencing data from human brain and linear regression techniques, we
comprehensively assessed the association between TREM2 expression and autopsy
measures of cerebrovascular disease including arteriolosclerosis, atherosclerosis,
microinfarcts, macroinfarcts, and cerebral amyloid angiopathy. Additional outcome
measures include immunohistochemical quantification of hyperphosphorylated tau, Aβ142,

and silver staining measurements of neurofibrillary tangles, and Aβ neuritic plaque.

Aim 2. Biomarker Approach: To determine whether CSF sTREM2 expression is
associated with in vivo neuroimaging markers of vascular hemodynamics and small
vessel disease, and or inflammatory biomarkers of AD neuropathology in CSF. Thereby
to comprehensively understand underlying biological correlates of elevated sTREM2 in
AD and relevant inflammatory pathways during an early window of AD development.
CSF proteomic data from Vanderbilt Memory and Aging (VMAP) participants was used
to test for sTREM2 associations with regional cerebral blood flow, vascular reactivity,
and white matter hyperintensities as well as deconvolve associations with other diverse
inflammatory biomarkers in CSF (Aβ1-42, Aβx-42, Aβx-40, total tau, phosphorylated tau,
and neurofilament light) and BBB integrity (CSF/plasma albumin ratio). Linear
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regression models were utilized in R examining sTREM2 as an outcome variable to
quantify its relative components.
Aim 3. MS4A SNP Interactions with sTREM2/TREM2 on Concomitant
Neuropathology: To assess whether MS4A AD-associated SNPs (rs1582763 and
rs6591561) interact with CSF sTREM2 or TREM2 mRNA expression to modify
established main effects on concomitant neuropathology in previous aims, thereby
offering valuable insight into possible biological pathways through which MS4A
(MS4A4A/MS4A6A) and TREM2 proteins regulate AD risk and progression of diverse
neuropathology.
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CHAPTER 2
EVALUATION OF TREM2 GENE EXPRESSION ASSOCIATIONS WITH
ALZHEIMER’S DISEASE PATHOLOGY AT AUTOPSY

Introduction

The discovery of increased AD risk in carriers of rare TREM2 mutations from large
GWAS studies 76, 77 surely jump-started the interest in characterizing the potential roles
of TREM2 protein, and more generally innate immune function, in the progression of
disease. Since then, dysregulation of TREM2 expression has also been documented in
neurodegenerative disease, including AD. And TREM2 signaling has indeed been tied
to mechanisms of phenotypic switching of microglia, regulation of neuropathology, and
cognition 60, 97, 98. However, there has yet to be a comprehensive evaluation of regional
brain TREM2 gene expression association with all three of these critical components of
AD. Therefore, the following chapter seeks to expand upon our understanding of how
post-mortem TREM2 mRNA levels in brain relate to disease status in attempt to identify
novel regional, neuropathological, and retrospective cognitive functioning associations.
In addition to heterozygous mutation associations with increased LOAD risk,
canonical TREM2 dysregulation is also found in the AD brain. TREM2 mRNA and
protein expression are upregulated in severe AD frontal cortex versus aged control.
Furthermore, mRNA expression of TREM2 has been found to track with both protein
levels in the cortex as well as with clinical progression of the disease

112.

However,

TREM2 expression changes in AD may be regionally-dependent as contrasting reports
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of TREM2 expression changes in the hippocampus – another region vulnerable early-on
to the accumulation of AD-related pathology -- yielded differential findings depending on
the study and form of TREM2 measured, including a glycosylated protein of 33-50kD
112-114.

A lack of differential expression changes in the frontal cortex was found in

individuals with normal cognition and mild AD, which is consistent with the leading
hypothesis that upregulation of TREM2 expression is a late event which reflects a
compensatory function of this pathway with respect to the accumulation of disease
pathology 112.
Additionally, from transgenic mouse models of AD several important findings were
gleaned concerning expression changes of TREM2 with respect to disease pathology.
For example, it was learned that TREM2 protein is enriched in brain regions associated
with high levels of amyloid-β accumulation in mice similarly to humans 115. Specifically,
TREM2 was highly expressed in microglial in temporal cortex surrounding amyloid
plaque. This observation supports the most characterized role of TREM2 in microglia
regulating pathological plaque development 51, 61, 74, 84. It was since determined that
plaque-associated microglia upregulate levels of TREM2 and accompanying signaling
adapter DAP12, indicating an essential role of this pathway in response to amyloid-β
plaque deposition in the brain parenchyma

115.

Accompanying this compensatory response of TREM2 protein machinery to
plaque development is a transcriptional and phenotypic transition from a maintenance to
activated microglial cell. The activated proportion of microglia has been found to be
elevated in AD compared to age-matched non-AD subjects 116, 117. This increase in glial
activation in disease included a reduction of microglial cell arborization consistent with
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activation and in the absence of a reduction in total microglial cell density

118.

Furthermore, the proportion of activated microglia in cortical tissue at autopsy has been
tied most closely in regression models to increased Aβ neuropathology as well as
positive levels of tau neuropathology, albeit, to a lesser extent

116

using this same

ROS/MAP cohort. In the same study, authors found the proportion of activated microglia
(PAM) in subcortical regions did not relate to classical AD neuropathology or cognitive
decline such as in cortical regions. We wonder, given these previous findings, whether
TREM2 transcription may be important to the proportion of activated microglia in postmortem tissue and whether or not this may be specific to interactions of microglia with
classical AD neuropathology in the cortex. Additionally, whether PAM corresponds to
TREM2 levels in subcortical areas and if this may reflect age- or disease-related
cerebrovascular changes as these areas contain smaller blood vessels residing in
deeper brain areas which are particularly vulnerable to injury such as inflammation,
arteriosclerosis, and ischemic lesions 119.
The broad expression of TREM2 in human tissues as well as its many
immunological functions, including but not limited to those of microglial cells, suggests
TREM2 expression may be associated with post-mortem amyloid-β levels as well as
other concomitant pathology related to underlying immune dysregulation. For example,
loss of TREM2 disrupted the response of endothelial cell gene networks to vascular
endothelial growth factor, suggesting an impairment in cell-cell networks related to
vascular homeostasis known to dysfunction in small vessel disease 109, 120. Strong
evidence links chronic inflammation to the development of cardiovascular disease
(including atherosclerosis) and dementia. Specifically, TREM2 variant rs6918289 in
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heart has been associated with increased risk of atherosclerosis 121. Effects of immune
activation on blood vessels, such as proinflammatory cytokine, complement or reactive
oxygen species release by myeloid cells (microglia, dendritic cells and monocytes), may
manifest as localized infarcts, diffuse white matter hyperintensities (WHI) or
microbleeds, increasing blood brain barrier (BBB) permeability in old age and disease
122.

This oxidative and inflammatory stress may affect blood vessels themselves and

surrounding NVU components that aid in maintaining their structural and metabolic
integrity. Several studies link TREM2 to these critical NVU mechanisms

63, 96, 107, 109, 110,

120.

Despite current progress in the literature associating genetic and/or expressionand function-related associations of TREM2 dysregulation in AD, the exact roles of its
dynamic expression changes throughout the course of the disease remain elusive. The
present chapter investigates the relationship between TREM2 bulk transcript with
clinical AD, cognitive functioning, and AD-related neuropathology, including measures
of cerebrovascular pathology and immunohistochemical quantification of microglial
density and activation phenotypes. Results from gene expression analyses in a large
dorsolateral prefrontal cortex discovery cohort (dlPFC) will be shared along with
corresponding results from independently sampled regions; the posterior cingulate
cortex (PCC) and the head of the caudate nucleus (CN). Therefore, the following results
help clarify the neuropathological correlates of TREM2 levels across the brain. We
hypothesized that higher cortical expression of TREM2 mRNA at autopsy will
correspond to increases in AD-related pathology including microglial reactivity,
cerebrovascular injury, as well as worse cognitive performance.
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Methods

Participants
The Religious Orders Study (ROS) and the Rush Memory and Aging Project
(MAP), or ROS/MAP, were leveraged using autopsy and cognitive data to conduct this
study. Data collection began in 1994 and 1997, respectively, contributing to rich
longitudinal clinical-pathologic information concerning risk factors in aging and AD. ROS
enrolls religious clergy members from across the United States while MAP enrolls lay
persons from northeastern regions of Illinois. Participants are aged 65 years and older,
free of dementia at baseline, and are predominantly of European ancestry (see cohort
demographics in Table 2.1). Importantly, participants have all consented to organ
donation. The Rush University Medical Center gave Institutional Review Board approval
and guidelines for data sharing within Institutional Review Board protocols. Additionally,
analyses were approved by the Vanderbilt University Medical Center IRB. Participant
data collection is attributed to collaborators at Rush University with special thanks to
Drs. David Bennett, Julie Schneider, Lisa Barnes, Bryan James, and Greg Klein.

Genotyping
Whole blood lymphocytes or frozen brain tissue was used to extract DNA and
previously defined quality control (QC) measures were employed

123.

APOE genotyping

was performed by investigators blinded to cohort data at Polymorphic DNA
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Technologies. The APOE gene was sequenced defining differential isoforms of APOEε2, APOE- ε3, and APOE- ε4 by codons 112 and 158 on exon 4.

Neuropsychological Composites
Neuropsychological testing details are previously published 124-126. There are 19
neuropsychological tests across five cognitive domains (episodic, semantic, and
working memory, visuospatial ability/perceptual orientation, and perceptual speed) used
in the calculation of a composite representing the global cognition variable in ROS/MAP.
This variable is meant to represent a participant’s overall cognitive functioning. Raw
scores from each test were converted to z-scores using the mean and standard
deviation. The final composite score is calculated by converting each test within each
domain to a z-score and averaging all z-scores.

Cognitive Diagnosis
A clinical diagnosis of cognitive status was made at each participant visit based on
the combination of computerized cognitive tests scores, clinical judgement by a
neuropsychologist, and diagnostic classification by a clinician (neurologist, geriatrician,
or geriatric nurse practitioner) as previously described

124-126.

Clinical diagnosis of AD or

other dementia followed criteria suggested by the joint working group of the National
Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association (NINCDS/ADRDA). Diagnosis of mild
cognitive impairment (MCI) is rendered for persons who are judged to have cognitive
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impairment by the neuropsychologist but are classified as not meeting criteria for
dementia by the clinician.

Neuropathological Measures
Core AD Pathology
All neuropathological marker quantifications have been previously described

124-126.

Briefly, quantification of neuritic plaques and neurofibrillary tangles was based on silver
staining of five brain regions (midfrontal cortex, midtemporal cortex, inferior parietal
cortex, entorhinal cortex, and hippocampus) averaged to obtain a summary score of the
overall burden. In addition, immunohistochemistry was performed to calculate semiquantitative scores for both amyloid-β and phospho-tau abundance in the cortex using
antibodies specific to Aβ1-42 and abnormally phosphorylated tau, AT8 epitope,
respectively, based off the average of eight regions.

Cerebrovascular Pathology
Rating of large vessel cerebral atherosclerosis was performed by visual inspection
of the vertebral, basilar, posterior cerebral, middle cerebral, and anterior cerebral
arteries of the circle of Willis, as well as their proximal branches and graded based on
severity including the number of arteries involved and extent of artery involvement
(0=no pathology, 4=severe pathology). Additionally, given visual identification of
occlusion, an artery was bisected to assess the degree of occlusion which would then
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be incorporated into the final score. Arteriolosclerosis severity was classified by a semiquantitative grading scale (0=no pathology, 3=severe pathology) after characterization
of histologic changes in the vascular lumen. These changes included but were not
limited to the following histological changes in small vessels: intimal deterioration,
smooth muscle degeneration, and fibrohyalinotic thickening of arterioles with
consequent narrowing of the vascular lumen. Macro infarcts were visualized by the
naked eye on fixed slabs and dissected for confirmation. Micro infarcts were examined
on 6µm paraffin-embedded sections, stained with hematoxylin/eosin. Gross and micro
infarcts were categorized as present (1) or absent (0) based upon visual inspection in
nine brain regions (midfrontal, middle temporal, entorhinal, hippocampal, inferior parietal
and anterior cingulate cortices, anterior basal ganglia, midbrain, and thalamus). A semiquantitative score for cerebral amyloid angiopathy (CAA) was measured by amyloid-β
immunostaining in neocortical regions (midfrontal, midtemporal, angular, and calcarine
cortices), and was scored on a scale from 0 – 4 (0=no pathology, 4=severe pathology).
For each brain region a meningeal and parenchymal vessel score was obtained, and
the maximum of these was then used in each case. Final scores were averaged across
regions.

Autopsy Measures of TREM2 mRNA Expression
A standard post-mortem biological specimen protocol was utilized across centers
where autopsies were performed and has been previously described

124.

RNA extraction

from individual brain regions was performed using a Qiagen miRNeasy mini kit and a
RNase free DNase Set for quantification on a Nanodrop. An Agilent Bioanalyzer
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assessed quality including integrity and purity. A RIN score greater than five was used
as inclusion criteria for next generation RNA sequencing in bulk.
Sequencing was carried-out in multiple phases; phase one included initial
dorsolateral prefrontal cortex (dlPFC) while phase two added additional dlPFC samples
as well as samples from the posterior cingulate cortex (PCC) and head of the caudate
nucleus (CN). Phase three ran additional participant samples from the dlPFC. Detailed
information on RNA processing and sequencing can be found on synapse:
https://www.synapse.org/#!Synapse:syn3388564. In summary, phase one utilized polyA selection and strand-specific dUTP library preparation and Illumina HiSeq with 101bp
paired-end reads achieving a coverage of 150 million reads of the first 12 reference
samples. The deep sequencing of these 12 reference samples included two males and
two females of non-impaired, mild cognitive impaired, and Alzheimer’s disease cases.
The remaining samples underwent sequencing with a coverage of 50 million reads.
Phase two, library preparation utilized KAPA Stranded RNA-Seq Kit with RiboErase
(kapabiosystems) with which ribosomal depletion and fragmentation was performed.
Sequencing of this phase was performed on an Illumina NovaSeq6000 sequence using
2x100bp cycles targeting 30 million reads per sample. Phase three, RNA was extracted
with a Chemagic RNA tissue kit (Perkin Elmer, CMG-1212) using an Chemagic 360
instrument and ribosomal RNA was depleted using RiboGold (Illumina, 20020599).
Sequencing of phase three was performed on a NovaSeq 6000 (Illumina) with 40-50M
2x150bp paired-end reads.
Data processing and QC of RNA sequencing runs was performed by our
Computational Neurogenomics Team (CNT) using our own automated pipeline. This
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included the combining of the three dlPFC phases (N=631, N=278,and N=104, 1-3
respectively) as well as the other brain regions (PCC; N=571 and CN; N=745). All
samples with a RIN score below 4 and/or a post-mortem interval greater than 24 hours
were removed. Read counts per million (CPM) values were quantile normalized to
adjust for global variability between samples using the R package, Cqn, controlling for
GC-content and gene length, and then used to align to the hg38 reference genome
using STAR with the R package, ComBat, to adjust for batch effects. In addition,
principal component outliers outside five standard deviations as well as genes missing
covariates of interest or those necessary for normalization were removed.

Cellular Fraction Data
A deconvolution technique was employed to obtain cellular fraction data on a
subset of ROS/MAP participants 127. This method consisted of a subset of bulk RNA
samples from the dlPFC (Brodmann area 10) also having single-nucleus data (N= 48
individuals and 80,660 single-nucleus transcriptomes) which was used to find the best
predictors of each cellular component (i.e., excitatory neuron, microglia,
oligodendrocyte, etc.) using all of the genes in the RNAseq data to build models with the
most optimized set of genes. The isolation and extraction of nuclei from frozen tissue
has been described previously 128. Briefly, analysis of single-nucleus data (snRNA-seq)
followed high-throughput droplet technology and massively parallel sequencing
following the DroNc-seq protocol (Habib, Avraham-Davidi, Basu et al. 2017), with
modification for the 10x Genomics Chromium platform. Gene counts were obtained by
alignment of reads to the hg38 reference genome (GRCh38.p5) using CellRanger
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software. Unspliced nuclear transcripts were accounted for by counting reads mapped
to pre-mRNA. Each individual library was quantified for pre-mRNA and then aggregated
to equalize read depth between libraries to generate a gene count matrix.
Quality control for cell inclusion has been previously described in detail

127.

The

final dataset consisted of 17,926 genes in 75,060 nuclei. This snRNA-seq data was
utilized in a regression-based approach for the generation of a reference expression
profile and decomposition of bulk RNA sequencing data yielding cellular fraction
estimates for each sample across multiple cell types (microglia, astrocytes, inhibitory
neurons, excitatory neurons, oligodendrocytes, oligodendrocyte progenitors, and
endothelial or pericyte cells). These measurements are attributed to collaborators from
Columbia University with acknowledgement to Drs. Vilas Menon and Phil De Jager for
their work.

Microglial Density Data
Microglial density measurements were obtained from brain samples using
immunohistochemistry performed by an Automated Leica Bond immunostainer (Leica
Microsystems Inc., Bannockborn IL) and anti-human HLA-DP, DQ, and DR antibodies
(clone CR3/43; DakoCytomation, Carpinteria CA; 1:100). A blinded investigator
sampled 4% of an ROI with fixed magnification (400x) marking microglia counts and
uniquely identifying their phenotypic activation stage. Stage 1 being least or not
activated and having thin, ramified processes. Stage 2 being activated with a rounded
cell body >14um in size with thickened processes. Stage 3 being activated with criteria
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as in stage 2 but in addition having a macrophage appearance. Total counts for different
stages were counted separately from adjacent blocks of tissue (0.5-1cm apart) then
summed, divided by the area of the sample, and multiplied by 10 6 yielding a composite
average density.

Statistical Analyses
Statistical analyses were performed in R v3.6.1 using R Studio IDE
(https://www.rstudio.com/). To evaluate the data, a multiple linear regression model (for
cross-sectional cognition and AD-related pathology outcomes) as well as a linear
mixed-effects model (for longitudinal cognition outcomes) were used. For binomial and
multinomial cerebrovascular outcome variables, generalized linear and proportional
odds models were substituted, respectively. Linear regression models covaried for age
at death, sex, post-mortem interval, education, and the interval from the last visit to
death. Models assessed TREM2 gene expression on the following AD clinical and
neuropathological outcome measures: cross-sectional and longitudinal global cognition,
amyloid-β (IHC), p-tau (IHC), silver staining of neuritic plaques and neurofibrillary
tangles, micro and macro cerebral infarcts, CAA, arteriolosclerosis, and atherosclerosis.
IHC and silver staining measurements of AD pathology were square root transformed to
better approximate a normal distribution.
Secondary analyses investigated TREM2 x APOE-ε4, TREM2 x sex, and TREM2 x
cognitive diagnosis interactions on the above-mentioned outcomes. Sensitivity analyses
were conducted to account for possible variation in model predictions due to cell-type
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specific expression of TREM2 in microglia using both cellular fraction data in the same
samples as covariates.
All models were corrected for multiple comparisons using the Benjamini &
Hochberg (1995) false discovery rate based on the total number of tests completed,
accounting for all gene-tissue combinations across mRNA analyses. Statistical outliers
of TREM2 mRNA outside four standard deviations from the mean were removed.

Results
Participant Demographics
Participant characteristics are summarized in Table 2.1. The percentage of male
compared to female participants was significantly less in all tissue cohorts. Participants
were long-lived (mean age at death, yrs.=89), predominantly White (≥98%), and were
highly educated (mean>16 yrs.).
Table 2.1. Cohort Characteristics ROS/MAP
Characteristic
N
AD Diagnosis,
no. (%)
APOE4 Carrier,
no. (%)
Male, no. (%)
White, no. (%)
Age of death
Education
Global cognition
PMI

dlPFC
908

PCC
505

CN
699

327 (36)

152 (30)

231 (33)

236 (26)

126 (25)

189 (27)

308 (34)
890 (98)
89.4 +/- 6.6
16.5 +/- 3.6
-0.8 +/- 1.1
7.6 +/- 4.3

192 (38)
495 (98)
89.3 +/- 6.4
16.5 +/- 3.6
-0.7 +/- 1.0
7.1 +/- 4.0

245 (35)
692 (99)
89.2 +/- 6.5
16.4 +/- 3.6
-0.8 +/- 1.1
7.6 +/- 4.4
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Figure 2.1. ROS/MAP brain regions.
These regions are included in tissue
sampling for next generation RNA
sequencing.

TREM2 mRNA in the dlPFC and PCC was subtly higher in individuals with a
cognitive diagnosis of AD compared to NC (Figure 2.2A; p=0.047, and p=0.021,
respectively) as well as across APOE-ε4 carrier status (Figure 2.3A-B; p=0.042, and p=
0.043 respectively). Levels of TREM2 mRNA in the CN neither differed across cognitive
diagnosis nor across APOE-ε4 carrier status (Figures 2.2 and 2.3C). When restricting
to autopsy confirmed AD diagnosis, dlPFC and PCC TREM2 levels were higher in
individuals with high or intermediate likelihood of AD as compared to individuals without
or with low likelihood of AD as classified by NIA-Reagan criteria (Figure 2.2B; p=8.5e05, and p=6.3e-4, respectively). In contrast, caudal TREM2 levels did not differ across
pathologic tissue diagnosis (Figure 2.2B; p=0.72). As expected, TREM2 mRNA was
found to be significantly correlated with the microglial cell-type fraction compared to
other fractions (Figure 2.4; representative data from dlPFC, r =0.7).
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Figure 2.2. TREM2 expression across diagnosis. Cortical TREM2 expression is higher in
AD compared to control while caudal TREM2 expression does not differ across diagnosis. A:
Clinical cognitive diagnosis at last exam; normal cognition (NC), mild cognitive impairment
(MCI) and Alzheimer’s disease dementia (AD). B: Tissue diagnosis according to
neuropathologic staging (CERAD and Braak) NIA-Reagan criteria. (1) AD present (high or
intermediate likelihood) and (0) AD not present (low likelihood or no AD). P-values displayed
represent statistical comparison of means by a student’s t-test.
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Figure 2.3. TREM2 expression across APOE-ε4 status. Cortical TREM2 expression is
subtly higher in APOE-e4 allele carriers (1) compared to non-carriers (0) while caudal
TREM2 expression does not differ. A: Dorsolateral prefrontal cortex (dlPFC) TREM2 mRNA
levels across APOE genotype. B: Posterior cingulate cortex (PCC) TREM2 mRNA levels
across APOE genotype. C: Head of caudate nucleus (CN) TREM2 mRNA levels across
APOE genotype. P-values displayed represent statistical comparison of means by a
student’s t-test.
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Figure 2.4. TREM2 correlations with cell-type fraction. TREM2 mRNA is significantly
correlated with microglial cell-type fraction. Representative data shows TREM2 from the
dorsolateral prefrontal cortex (dlPFC) is significantly correlated with microglial cell-type
fraction above other cell types examined. A Pearson’s correlation coefficient (r) is displayed
for each comparison.

TREM2 mRNA Associations with Amyloid
As expected, TREM2 mRNA levels were significantly associated with higher
amyloid burden in cortical regions and across outcome measures (Table 2.2-2.3).
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TREM2 levels in the CN were not significantly associated with either amyloid outcome
measure (Table 2.2 and Figure 2.5).
Figure 2.5. TREM2 associations with amyloid. Cortical but not caudal TREM2 mRNA
positively associates with amyloid neuropathology. A-C: Regional TREM2 mRNA levels by
Aβ1-42 burden as measured by immunohistochemistry. D-F: Regional TREM2 mRNA levels
by neuritic plaque burden as measured by silver stain. Unadjusted scatter plots and
statistical results from linear regression models adjusting for age at death, sex, education,
and post-mortem interval.

F
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Table 2.2. Main Effects of TREM2 on Amyloid Outcome Measures
Predictor (Tissue)

Outcome

β

SE

Pvalue

P.fdr

dlPFC
dlPFC

Aβ1-42
neuritic plaque

0.182
0.088

0.045
0.021

5.25 e-05
3.77e-05

5.09e-04
5.09e-04

PCC
PCC

Aβ1-42
neuritic plaque

0.236
0.125

0.074
0.035

0.002
4.39e-04

0.014
0.004

CN
CN

Aβ1-42
neuritic plaque

0.023
-0.027

0.066
0.031

0.731
0.384

0.822
0.494

Table 2.3. Main Effects of TREM2 on Amyloid Outcome Measures Adjusting for
Microglial Fraction
Predictor
(Tissue)

Outcome

B

SE

Pvalue

Covariate Inclusion

dlPFC
dlPFC

Aβ42
neuritic plaque

0.457
0.183

0.090
0.044

5.28e-7
3.79e-5

Microglial Cell-Type Fraction
Microglial Cell-Type Fraction

TREM2 mRNA Associations with Tau
Regression models assessing TREM2 mRNA expression for association with
levels of tau neuropathology were inconsistent across outcome measures and mostly
weak. Results showed TREM2 mRNA negatively associated with tau neuropathology as
quantified by IHC in the CN, albeit nominally (Figure 2.6C; β=-0.17; P=0.02). Positive
signals were found using TREM2 measurement from the other two cortical regions
(Figure 2.6A-B; dlPFC; β=-0.12, P=0.02 and PCC; β=0.17; P=0.04) . However, Table
2.4 shows results from the main effects models do not pass significance for multiple
corrections. The strength and flipping in the direction of the signal in distinct brain
tissues indicates these results may be spurious or otherwise obscured by individual
variances in microglial abundance.
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To further assess the latter, sensitivity analyses adjusting for microglial cell-type
fraction were utilized. The results from models adjusting for microglial cell-type fraction
were not significantly different from the main effects after corrections for multiple
comparisons using TREM2 mRNA from the dlPFC (Table 2.5).

Figure 2.6. TREM2 associations with tau. TREM2 mRNA differentially associates with tau
neuropathology depending on brain region. A-C: Regional TREM2 mRNA levels by
phosphorylated tau (AT8 epitope, Ser202/Thr305) burden as measured by
immunohistochemistry. D-F: Regional TREM2 mRNA levels by neurofibrillary burden as
measured by silver stain. Unadjusted scatter plots and statistical results from linear
regression models adjusting for age at death, sex, education, and post-mortem interval.
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Table 2.4. Main Effects of TREM2 on Tau Outcome Measures

Predictor (Tissue)
dlPFC
dlPFC
PCC
PCC
CN
CN

Outcome
p-Tau, AT8
neurofibrillary tangles
p-Tau, AT8
neurofibrillary tangles
p-Tau, AT8
neurofibrillary tangles

B
0.119
0.045
0.172
0.048
-0.169
-0.042

SE
0.052
0.016
0.084
0.027
0.074
0.024

Pvalue
0.022
0.006
0.041
0.070
0.022
0.075

P.fdr
0.066
0.032
0.101
0.142
0.066
0.142

Table 2.5. Main Effects of TREM2 on Tau Outcome Measures Adjusting for
Microglial Fraction
Predictor (Tissue)
dlPFC
dlPFC

Outcome
p-Tau, AT8
neurofibrillary tangles

B
0.123
0.100

SE
0.104
0.032

Pvalue
0.234
0.001

Covariate Inclusion
Microglial Cell-Type Fraction
Microglial Cell-Type Fraction

TREM2 mRNA Associations with Cerebrovascular Pathology
Despite the initial hypothesis that upregulation of TREM2 mRNA at autopsy may
reflect concomitant cerebrovascular pathology, this was largely not supported by results
using cross-sectional data from ROS/MAP. Table 2.6 summarizes the main effects,
analyses. Interestingly, higher caudal TREM2 levels were associated with increased
severity of arteriolosclerosis (β=0.280, p=0.009). However, it is unknown whether this
association withstands adjustment for individual cell-type abundance given a lack of
cellular fraction estimates for this brain region. These cell-type sensitivity analyses using
dlPFC data yielded insignificant results and are reported below in Table 2.7.
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Table 2.6. Main Effects of TREM2 on Cerebrovascular Outcome Measures

TREM2 Predictor (Tissue)
dlPFC
dlPFC

Outcome
Cerebral Macro
Infarcts
Cerebral Micro
Infarcts

β

SE

P-value

0.161

0.104

0.123

-0.098

0.093

0.289

dlPFC

Arteriolosclerosis

-0.040

0.075

0.595

dlPFC

Atherosclerosis

-0.175

0.076

0.022

dlPFC

CAA

0.148

0.075

0.049

0.007

0.172

0.967

-0.007

0.151

0.965

PCC
PCC

Cerebral Macro
Infarcts
Cerebral Micro
Infarcts

PCC

Arteriolosclerosis

0.112

0.123

0.361

PCC

Atherosclerosis

0.033

0.126

0.795

PCC

CAA

0.214

0.121

0.079

0.339

0.152

0.026

0.161

0.133

0.228

CN
CN

Cerebral Macro
Infarcts
Cerebral Micro
Infarcts

CN

Arteriolosclerosis

0.280

0.107

0.009*

CN

Atherosclerosis

0.161

0.109

0.139

CN

CAA

-0.067

0.107

0.534

Asterisk * indicates survival for FDR correction across all main effects models.

Table 2.7. Main Effects of TREM2 on Cerebrovascular Outcome Measures
Adjusting for Microglial Fraction
Predictor (Tissue)
dlPFC
dlPFC
dlPFC
dlPFC
dlPFC

Outcome
Macro Infarcts
Micro Infarcts
Arteriolosclerosis
Atherosclerosis
CAA

β
0.043
-0.156
-0.178
-0.173
0.220

SE
0.227
0.203
0.156
0.161
0.159
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Pvalue
0.851
0.444
0.254
0.283
0.164

Covariate Inclusion
Microglial Cell-Type Fraction
Microglial Cell-Type Fraction
Microglial Cell-Type Fraction
Microglial Cell-Type Fraction
Microglial Cell-Type Fraction

TREM2 Associations with Microglial Density and Activation
Next, it was investigated whether or not these associations between TREM2 and
AD neuropathology described above were accompanied by TREM2 associations with
microglial density and/or activation in the same regions. Interestingly, TREM2
measurements from cortical regions were not correlated with microglial outcome
measures as hypothesized (Figure 2.7). However, TREM2 levels were significantly
correlated with the activated component of microglial density cis-regionally in the
caudate (Figure 2.7). This association survived adjustment for covariates in a multiple
linear regression model (stage 2-3 caudal microglia ~ age at death + sex + education +
pmi, + caudal TREM2; β=3.04, se= 1.17, p=0.011). Next, it was investigated whether
levels or severity of concomitant neuropathology interacted with TREM2 expression on
this activated microglial state. There
Table 2.8. TREM2 * Neuropathology Interactions on
Activated Microglial Density in the Caudate
Interaction Term
(neuropathology)
Cerebral Macro Infarcts
Cerebral Micro Infarcts
Arteriolosclerosis
Atherosclerosis
CAA
Aβ1-42
neuritic plaque
p-Tau, AT8
neurofibrillary tangles

B

SE

P-value

3.172
-2.648
-1.682
-0.607
-3.408
0.119
-1.258
2.005
0.629

4.100
3.474
1.514
1.531
1.779
0.861
-0.471
1.499
0.154

0.431
0.448
0.269
0.693
0.058
0.891
0.639
0.137
0.878

was a lack of evidence that select AD
neuropathology including
morphological substrates of small
vessel disease modified the
association between TREM2 and
microglial activation density in the
caudate suggesting this signal may

represent a collection of diverse biological processes beyond the scope of individual AD
neuropathologies examined herein (Table 2.8).
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Figure 2.7. TREM2 correlations with microglial density components. Caudal not cortical
TREM2 mRNA is significantly correlated with several components of microglial density.
Midfrontal cortex (mfCx); ventral medial caudate (vmCaudate). A Pearson’s correlation
coefficient (r) is displayed for each comparison. An asterisk denotes significance set to an a
priori threshold of p<0.05.

Finally, we explored potential TREM2 mRNA expression associations with global
cognition scores. Cross-sectional results revealed TREM2 mRNA levels were not
significantly associated with global cognition in any brain region (p>0.15). However,
TREM2 mRNA levels did significantly relate to faster decline in global cognitive scores
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in longitudinal analysis from the dlPFC (Figure 2.8A; p=0.02) and trended toward
significance using PCC TREM2 measurement (Figure 2.8B; p=0.07). TREM2 mRNA in
the CN was not associated with longitudinal global cognition (Figure 2.8C; p=0.37).
Additionally, after adjusting for levels of AD neuropathology as measured by IHC
specific to Aβ1-42 and p-tau AT8, TREM2 expression was no longer a significant
predictor of global cognition in the dlPFC (β=-4.8e-3; p=0.25) suggesting the main effect
of TREM2 levels on cognition was observed due to variance in levels of AD
neuropathology.
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Figure 2.8. TREM2 associations with cognition. TREM2 cortical but not caudal mRNA at
autopsy is a predictor of retrospective cognitive decline. A: Dorsolateral prefrontal cortex
(dlPFC) TREM2 mRNA levels by annual change in global cognition. B: Posterior cingulate
cortex (PCC) TREM2 mRNA levels and C: head of caudate nucleus (CN) TREM2 mRNA
levels by annual change in global cognition.
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Microglial fraction data was obtained from dlPFC tissue in just under half of the
individual participants (N=445) included in the above models. It was next tested whether
or not adjusting for variance in microglial fraction modified results. When including
microglial fraction as a covariate in the original longitudinal mixed effects model
examining TREM2 mRNA levels and longitudinal global cognition, the result
approached but did not reach statistical significance (β=-0.01; se=7.0e-3; p=0.07). This
could be due to a reduced sample size or microglial cell type fraction variance could
indeed be responsible for the original association between TREM2 and cognition.
Additional sensitivity analyses stratifying on APOE-ε4 carrier status and sex showed the
significant association signal of TREM2 mRNA expression on longitudinal cognition was
driven by females and non-carriers of the ε4 allele (Table 2.9).
Table 2.9. Stratified Main Effects of TREM2 on Global Cognition

Stratification
APOE-ε4 carrier
APOE-ε4 non- carrier
Females
Males
APOE-ε4 carrier
APOE-ε4 non- carrier
Females
Males
APOE-ε4 carrier
APOE-ε4 non- carrier
Females
Males

Predictor
TREM2
(Tissue)

Outcome

β

SE

Pvalue

dlPFC
dlPFC

longitudinal cognition
longitudinal cognition

9.0e-4
-0.010

0.011
0.004

0.936
0.031

dlPFC
dlPFC

longitudinal cognition
longitudinal cognition

-0.013
-0.003

0.005
0.007

0.018
0.704

PCC
PCC
PCC
PCC
CN
CN
CN
CN

longitudinal cognition
longitudinal cognition
longitudinal cognition
longitudinal cognition
longitudinal cognition
longitudinal cognition
longitudinal cognition
longitudinal cognition

-0.002
-0.011
-0.015
-0.007
0.027
0.001
-0.007
-0.017

0.019
0.006
0.008
0.011
0.015
0.006
0.008
0.010

0.913
0.076
0.076
0.512
0.066
0.851
0.931
0.098
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Next it was tested whether amyloid status interacted with TREM2 levels on
longitudinal global cognition scores (Figure 2.8). TREM2 levels in both the dlPFC and
PCC interacted with amyloid positivity on cognitive trajectory whereby the association
between higher TREM2 and a faster rate cognitive decline was driven by individuals
who were amyloid positive (Figure 2.8A-B; β=-0.18; p=4.45e-4, and β=-0.176; p=0.03,
respectively). Interestingly, there was not an interaction of this kind in the caudate
(Figure 2.8C; β=0.05; p=0.52).

Figure 2.8. TREM2 X amyloid interactions on cognition. TREM2 cortical but not caudal
mRNA at autopsy interacts with Aβ positivity on retrospective cognitive decline. A: Dorsolateral
prefrontal cortex (dlPFC) TREM2 mRNA levels by annual change in global cognition. B:
Posterior cingulate cortex (PCC) TREM2 mRNA levels and C: head of caudate nucleus (CN)
TREM2 mRNA levels.
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Discussion

The principal aim of this chapter was to evaluate the effects of TREM2 gene
expression on concomitant AD neuropathology at autopsy as well as cognition. Given
the hypothesis that TREM2 upregulation in AD brain likely represents a compensatory
microglial response to disease pathology, positive association between increased levels
of TREM2 mRNA and increases in various neuropathological outcomes (Aβ, tau,
microglial activation, and morphological substrates of small vessel disease), also
decreases in cognitive function were expected. Using an aged subset of participants
from the ROS/MAP cohort with available autopsy and RNA sequencing data, crosssectional multiple regression analyses revealed evidence of a stronger association
between TREM2 expression and measures of amyloid neuropathology than those of
tau. Additionally, novel associations between TREM2 expression and longitudinal global
cognition in cortical regions as well as with arteriolosclerosis in caudal tissue suggest a
broader relationship between this pathway and AD phenotypic heterogeneity than
previously recognized.
As expected, TREM2 mRNA was a significant predictor of cognitive decline, albeit
this association was weak and limited to the two cortical brain regions (dlPFC and
PCC). To our knowledge, it has been previously unknown whether TREM2 mRNA
levels at autopsy relate to longitudinal cognition. Whereas, CSF sTREM2 has been
associated with cognition in the literature, few studies have looked at bulk RNA
sequencing quantification of TREM2 and cognition in human brain. Here we present
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such significant results indicating that the magnitude of late-life TREM2 expression in
cortical brain regions, while previously associated with AD cognitive diagnosis, may also
be a signifier of cognitive trajectory whereby increases at autopsy are associated with a
more rapid cognitive decline regardless of cognitive diagnosis. We expand upon this
showing that the association with cognition is likely related to neuropathological tissue
status, namely NIA-Reagan tissue diagnosis (Figure 2.2B).
As hypothesized, if increases in TREM2 mRNA reflect a compensatory microglialmediated response to neuropathology, then the association between TREM2 and
cognition is likely driven by individuals with a higher burden of neuropathology. To
determine whether the degree of amyloid pathology modified this association,
interaction models utilizing TREM2 mRNA * Aβ on longitudinal cognition revealed
amyloid burden as a significant modifier in the dlPFC whereas, individuals with higher
levels of Aβ as measured by IHC displayed a stronger negative association between
TREM2 mRNA levels and global cognition driving the original association (Figure 2.8).
This suggests that some degree of TREM2 upregulation in late life may be indicative of
cognitive functioning as modified by neuropathology. Furthermore, interaction models,
TREM2 * APOE-ε4 carrier status on cognition, as well as stratified models, showed the
signal of association between TREM2 levels and cognitive decline is significant only in
APOE-ε4 non-carriers (Table 2.9). This indicates that TREM2 response to
neuropathology on cognition may occur independently of ε4 allele-mediated cognitive
decline. Similarly, sex-stratified models revealed a negative association between
TREM2 levels and cognitive decline in females whereas the association in males was
non-significant. However, this was not marked and may be attributed to a significantly
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smaller sample size of males and APOE-ε4 carriers as compared to females and
APOE-ε4 non-carriers.
Amongst neuropathology outcome measures, perhaps the most notable was a
robust association between TREM2 and Aβ burden. This is consistent with the fact that
the functional responses of microglial to Aβ plaque has been shown to reflect such
increases in transcription of TREM2 which in turn is vital to the microglial barrier
formation and subsequent compaction of the plaque residue. These associations were
consistent in cortical brain tissues supported by previous work showing post-mortem
immunoreactivity of cortical TREM2 in microglia, particularly those surrounding Aβ
plaque 90. Furthermore, in APP23 transgenic mice, microglia surrounding Aβ plaque
increased expression of TREM2 corresponding with the progression of amyloid
pathology 115. The head of the caudate nucleus (CN) is also a region shown to be
vulnerable to amyloid pathology albeit a subcortical region affected later-on in the
spatial-temporal pattern of Aβ plaque progression in AD as compared to neocortical
regions 129. Yet, TREM2 mRNA levels from the CN did not relate to Aβ burden (Figure
2.5). This is likely explained by the methods of amyloid quantification which
incorporated an average amyloid burden score from mostly cortical subregions without
any calculations from the basal ganglia. Therefore, subcortical TREM2 expression did
not predict Aβ pathology transregionally. Additionally, from sensitivity analysis,
accounting for microglial fraction intensified signal from the dlPFC suggesting variance
in the model from microglial abundance may have partially obscured the original
association signal between TREM2 and amyloid in the cortex (Table 2.3). Sensitivity
results using cell-type fraction data suggests the association between the two does not

51

fully depend on increases in microglial abundance but may be specific to TREM2
transcription.
In contrast to amyloid, there was weaker evidence of TREM2 expression
association with levels of tau neuropathology. In fact, there is a flip in the direction of
association of TREM2 with tau when TREM2 is measured from caudal tissue (Figure
2.6). This is despite contrasting work showing a positive association of bulk TREM2
RNA sequencing expression in human temporal cortex and phosphorylated tau, AT8
immunohistochemistry 90. This may be due to several factors. First, the previous study
may not have captured a wide range of phenotypic heterogeneity due to a small sample
size (N=11; AD) and additionally, this cohort included a higher percentage of APOE-ε4
carriers. Second, unlike the direct functional relationship between TREM2 binding Aβ
ligand 105, there is currently a lack of evidence of a direct functional relationship between
TREM2 and phosphorylated tau or other intraneuronal pathological process leading to
dystrophic neurite formation. Rather, it is thought to be the case that TREM2 regulation
of microglial activity and subsequent immune dysfunction are external triggers of
neuronal tau pathology via microgliosis and excessive neuroinflammation

130.

In other

words, TREM2 signaling has been indirectly link to tau via neuroinflammation but no
direct functional relationship between the proteins has yet to be discovered. This,
however, is an active area of exploration. Furthermore, the dynamic between TREM2
transcriptional upregulation and Aβ deposition is thought to be deleterious to microglia
and the immune landscape, whereas the development of tau pathology downstream
has been shown to be dependent to some extent on the a priori amyloid accumulation
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131.

Therefore, transcriptional upregulation of TREM2 expression itself may not be as

closely coupled to the development of tau pathology.
Sensitivity models suggest a potential positive relationship between TREM2
expression and neurofibrillary tangle pathology as measured by silver staining method
after accounting for microglial cell-type fraction variance (Table 2.5). Suggesting a
potential positive relationship between dlPFC TREM2 levels and neurofibrillary tangles
after accounting for sample variance in microglial cell-type abundance.
We provide modest evidence that cortical TREM2 expression relates to classical
AD pathology while caudal TREM2 expression, instead, relates to markers of
cerebrovascular disease and microglial reactivity. This is interesting given it is not
explicitly clear whether microglia derived from these distinct brain regions harbor distinct
functions. There is precedence for this since other cell types such as neurons exists in
disparate phenotypic and functional forms, and these tend to aggregate in their own
regionally distinct territories. Evidence from transcriptomic- and other omic-profiling has
revealed distinctive spatial and molecular patterns of microglia across the brain

132-134.

Our data highlight the importance of this regional heterogeneity in microglial function.
The association of high TREM2 levels with increased arteriolosclerosis (Table 2.6) is an
interesting novel take-away from this work, suggesting transcription of TREM2 may be
relevant to the etiology and/or progression of this pathology or otherwise linked by an
unmeasured third variable. TREM2 function has been implicated in mechanisms relating
to the integrity of the vascular endothelial luminal wall. This includes several studies
linking TREM2 signaling to the progression of atherosclerosis. TREM2 is highly
expressed in foamy macrophages and seems to be associated with atherogenesis in
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the aorta 135 and important for their expression in brain under ischemic conditions 136.
However, the association with arteriolosclerosis did not generalize to atherosclerosis in
our dataset. One possibility for this may be the difference in quantification between the
two outcome variables. For instance, the arteriosclerosis rating relied on semiquantitative grading of anterior basal ganglia vessels which correspond more closely
with TREM2 sampled from the head of the caudate. Whereas the atherosclerosis
grading relied on a more global inspection of vertebral, basilar, posterior cerebral,
middle cerebral, anterior cerebral arteries as well as their proximal branches.
Alternatively, our analysis may be picking up on an association of TREM2 mRNA levels
with arteriole degeneration that is distinct from TREM2’s proposed function in the
pathogenesis of vessel plaque formation in macrophages. Adding to the evidence
potentially linking TREM2 function to vessel dysfunction is recent work showing TREM2
may be necessary for endothelial cell homeostasis

109.

This remains an interesting topic

for future studies and further work clarifying the mechanisms of TREM2 and
cerebrovascular dysregulation is needed, particularly given recent single cell RNA
sequencing data of the human microvasculature highlights enrichment of TREM2 in
perivascular macrophages and microglia in AD, while in age-matched controls TREM2
is mostly enriched in capillary, venous, and vascular smooth muscle cell types

137.

TREM2 protein is also thought to be a marker of monocyte recruitment to vascular
lumens in aged individuals 138; perhaps the relationship between TREM2-expressing
monocytes and vascularly deposited Aβ regulates pathophysiology underlying the
development of arteriolosclerosis. However, the relationship of TREM2 expression
dysregulation and function to arteriolosclerosis remains underexplored.
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Due to the finding that increases in caudal TREM2 relates to the PAM cisregionally we are left to speculate as to why this relationship does not extend to the
cortex (Figure 2.7). There are several possibilities for this including limitations to using
bulk RNA sequencing measurement of TREM2 transcript abundance which may
obscure single-cell or transcript-specific resolutions. The lack of association signal in the
cortex between microglial activation and TREM2 could otherwise be due to a window of
late-life measurement when TREM2 transcription may no longer reflect compensatory
microglial activation as is believed to be true in the face of earlier stages of
neuropathologic progression. For example, Aβ plaque deposits more abundantly in the
cortex of AD patients 139 and previous studies have shown microglial metabolism may
become inefficient or fail given a high amyloid burden140 which paves the possibility that
the lack of association in this region may be due to loss of function. This is particularly
interesting given the recent links between microglial metabolic fitness, glucose
metabolism and TREM2 function 64, 141.
There are several strengths and limitations to the present analyses. First,
ROS/MAP is a well-characterized cohort detailing multiple measures of cerebrovascular
neuropathology. Second, the availability of cellular fraction data as well as genotype
and multiple measures of diagnosis permitted the exploration of potential interactions
and statistical variation in models. Additionally, the availability of longitudinal cognitive
data and TREM2 measurement in multiple brain regions bolstered characterizations.
However, analyses herein are limited to a late-life window of neuropathology at autopsy,
therefore investigation of TREM2 expression changes in brain throughout the course of
normal aging and/or disease in humans remain unknown begging the advent and
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development of a TREM2-specific PET radioligand assay. Moreover, measurement of
RNA transcript does not necessarily translate to protein expression or signaling
competent membranous TREM2. Finally, the lack of racial diversity precludes
generalization of results to more diverse populations. Future work, looking at whether
caudal TREM2 associations with Aβ and or tau are present if measured cis-regionally
are needed to clarify disparate regional results herein.
Taken together, data support previous preclinical demonstrations of a strong
functional relationship between TREM2 protein expression and amyloid which is evident
in the present cohort at autopsy. We find weak evidence of TREM2 mRNA expression
association with tau neuropathology suggesting transcriptional upregulation of TREM2
may not be a sensitive measure of abnormally phosphorylated tau or dystrophic
neurites. A more novel association was drawn between TREM2 and arteriolosclerosis,
further implicating this pathway in the pathogenesis of yet another vascular feature at
the intersection of neurodegenerative disease and immune dysregulation. Finally, we
draw attention to a previously unrecognized disparity between cortical and caudal
TREM2 expression associations; the former, with classical AD neuropathology and
cognitive decline, the later, with PAM and arteriolosclerosis.
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CHAPTER 3
BIOLOGICAL CORRELATES OF ELEVATED STREM2 IN CSF
Portions of this chapter are published under the title, “Biological Correlates of Elevated
Soluble TREM2 in Cerebrospinal Fluid” in Neurobiology of Aging

Introduction
Alzheimer’s disease (AD) is a devastating neurodegenerative disease and the
most common cause of dementia, affecting more than one in nine seniors in the U.S. 4.
Nosologically-defined AD pathology consists of amyloid-β (Aβ) plaques and
neurofibrillary tangles that are thought to drive neuroinflammation, blood-brain barrier
(BBB) dysfunction, and neurodegeneration resulting in cognitive decline and clinical
disease 11, 27. The prodrome of AD can be 20+ years, whereby neuropathology begins
to deposit and brain changes occur years prior to the onset of clinical symptoms. For
that reason, there has been an incredible focus on the development of biomarkers in
AD, including both fluid and imaging biomarkers of AD neuropathology,
neurodegeneration 142, 143, and more recently neuroinflammation and BBB dysfunction
144-146.

While cerebrospinal fluid (CSF) biomarkers of amyloid and tau are well-

established, there is a pressing need to better characterize emerging biomarkers to
understand their temporal dynamics and biological correlates.
One promising biomarker with a strong genetic and molecular basis is soluble
triggering receptor expressed on myeloid cells-2 (sTREM2) measured in CSF. TREM2,
encoding its transmembrane parent, was originally implicated as an AD risk gene
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through two large genome-wide association studies (GWAS), including the identification
of the R47H missense mutation that confers an increased risk similar in magnitude to a
single copy of the APOE-ε4 allele 76, 77. TREM2 is expressed preferentially on microglia
in the brain and plays a critical role in the neuroinflammatory response to AD. More
specifically, functional studies of TREM2 have revealed roles in the regulation of
parenchymal Aβ plaque deposition 55, 64, 87, 96, 103, 147, 148, progression of tau pathology 86,
130, 149-151,

and BBB dysfunction 63, 152, 153. Beyond these roles in AD, TREM2 is also

involved more generally in microglial activation

154, 155,

ischemia/hypoxia 63, oxidative

stress responses 62, 156, and transcriptional regulation of brain endothelial cells

109,

providing numerous potential avenues that could contribute to risk and progression in
AD.
Cleavage of TREM2 ectodomain produces a soluble fragment (sTREM2),
considered a biomarker of microglial activation, whereby increased protein levels have
been reported to coincide with the transition of mild cognitive impairment (MCI) to AD
dementia 157, 158. Additionally, sTREM2 is signaling competent, thought to modulate
inflammatory and phagocytic responses from microglia, and has also been shown in this
manner to promote Aβ clearance in 5XFAD mice

84.

Increases in sTREM2 levels during

AD may mark a transition in the neuroinflammatory state that correlates with
neurodegeneration and clinical progression. Thus, it is not surprising that CSF sTREM2
is strongly correlated with CSF biomarkers of tau pathology that track closely with the
neurodegenerative processes in AD 144, 158-160. In contrast, CSF sTREM2 associations
with Aβ and BBB dysfunction have been inconsistent 110, 144, 158-160 and remain poorly
understood. There is a need to fully characterize the biological correlates of CSF
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sTREM2, particularly a need to deconvolve the variance in sTREM2 levels that are
explained by biomarkers of Aβ, tau, neurodegeneration, and BBB dysfunction, which
are all thought to contribute to the neuroinflammatory milieu in AD.
It has been hypothesized that sTREM2 may be a complementary biomarker that
could be useful in the context of aging and disease. Moreover, therapeutics targeting
TREM2 are in active development, yet there is limited knowledge of the types of related
biological processes and functions of sTREM2 itself. The goal of this chapter is to clarify
the biological correlates and thus types of biological processes that coincide with
elevated sTREM2 in CSF. A comprehensive characterization of biomarkers in the CSF
compartment and neuroimaging measures of cerebrovascular injury related to sTREM2
elevation and therefore microglial activation will build understanding of potential early
neuroimmune dynamics relevant to AD. First, we fully characterize the associations
between CSF sTREM2 levels and well-established biomarkers of AD pathology,
neurodegeneration, and BBB dysfunction. Second, we evaluate the unique contribution
of each of these biomarkers to sTREM2 levels in competitive models, evaluating
whether biomarkers of BBB and Aβ explain variance in sTREM2 levels above and
beyond the well-established associations with CSF tau. Third, we relate residual
variance in sTREM2 levels to measurements of longitudinal cognition evaluating
potential clinical relevance of sTREM2 associations in CSF. Together, these analyses
provide a more comprehensive picture of the biological underpinnings of elevated CSF
sTREM2 in aging and disease and provide critical information for the application and
interpretation of CSF sTREM2 levels in future biomarker studies.
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Methods
Study cohort
Participants were drawn from the Vanderbilt Memory and Aging Project (VMAP)
launched in 2012 in Nashville, TN. VMAP is a longitudinal study of vascular health and
brain aging 161. A total of 335 participants, 60-92 years of age, were enrolled. This
included 168 with mild cognitive impairment (MCI) and 167 age-, sex-, and racematched cognitively normal controls (NC). MCI diagnosis was determined by the
National Institute on Aging/Alzheimer’s Association Workgroup core clinical criteria 8.
Briefly, this includes a CDR score 0≥0.5, concern of changes in cognition (reported by
the participant, informant, or clinician), absence of dementia, relatively spared daily
functioning, and neuropsychological functioning indicating objective impairment outside
age-adjusted mean performance in one or more cognitive domains. Inclusion criteria
required participants to speak English, have adequate auditory and visual acuity, and
have a reliable study partner. Exclusion criteria included MRI contraindications, history
of neurological disease or major psychiatric illness, heart failure, head injury with loss of
consciousness >5 min, or a systemic or terminal illness. A subset of participants
underwent fasting lumbar puncture for CSF collection at baseline. Written informed
consent was obtained from all participants prior to data collection, and all protocols were
approved by the Vanderbilt University Medical Center Institutional Review Board.

Neuropsychological composites
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Participants underwent detailed neuropsychological assessment of various
domains of cognitive performance at baseline and every 18 months. An episodic
memory composite was calculated as a z-score from the following independent tests:
California Verbal Learning Test Second Edition (CVLT-II) Total Immediate Recall,
CVLT-II Delayed Recall, CVLT-II Recognition, Biber Figure Learning Test (BFLT) Total
Immediate Recall, BFLT Delayed Recall, and BLFT Recognition. An executive
functioning composite was calculated as a z-score from the following: Delis–Kaplan
Executive Function System (D-KEFS) Number-Letter Switching Test, D-KEFS ColorWord Inhibition Test, and Letter Fluency Test (FAS). Assessments were reviewed to
avoid floor and ceiling effects and composites were calculated from a latent variable
model where each item was treated as a raw continuous variable loaded on a general
factor, also as on a test-specific factor to reduce potential confounds 161, 162. Participants
with longitudinal cognition data had up to five measurement timepoints
(mean±sd=2.6±1.3 visits) and a mean follow-up period of (mean±sd=4.6±1.7 years).

Blood draw and albumin measurement
Participants underwent morning fasting venous blood draw and samples were
immediately stored at -80°C. Whole blood was centrifuged at 2000g and 4°C for 15 min
and plasma was extracted and stored in ten 0.5mL aliquots. Albumin levels (plasma and
CSF) were measured by immunonephelometry on a Beckman Immage
Immunochemistry system (Beckman Instruments, Beckman Coulter, Brea, CA, USA).
The albumin ratio was calculated as CSF albumin (mg/L) ⁄ plasma albumin (g/L).

61

APOE genotyping
White blood cell extraction was performed on frozen whole blood. The TaqMan
single nucleotide polymorphism genotyping assay from Applied Biosystems (Foster
City, CA) was applied to determine APOE genotypes by identifying the two singlenucleotide polymorphisms that characterize alleles ε2, ε3, and ε4. Polymerase chain
reaction (PCR) was performed as previously described 161. Genotyping efficiency was
>99%.

Lumbar puncture and biochemical analyses
A maximum of 25mLs of CSF was drawn from a baseline, optional, fasting
lumbar puncture procedure and collected with polypropylene syringes using a Sprotte
25-gauge spinal needle from an intervertebral lumbar space. CSF supernatant was
immediately extracted and aliquoted in 0.5mL polypropylene tubes and stored at -80°C.
Analysis of CSF total tau, p-tau181, Aβx-40, Aβx-42, Aβ1-42, and neurofilament light (NfL)
was performed in batch using commercially available enzyme-linked immunosorbent
assays (carboxy-terminal specific antibodies aided in quantification of Aβx-40 and Aβx-42
species with varying amino-terminal lengths). CSF sTREM2 concentration was
measured using an in-house Meso Scale Discovery (MSD) assay (Rockville, MD), as
previously described in detail 163. Samples were processed in one round of experiments
using one batch of reagents by board-certified laboratory technicians blinded to clinical
information. Coefficients of variation for duplicate samples were <10% (mean 2.4%).
Supplemental Table 3.1 contains assay kit information. CSF and plasma albumin
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measurements were conducted at the Clinical Neurochemistry Laboratory, University of
Gothenburg under Drs. Henrik Zetterberg and Kaj Blennow.

Replication of amyloid-β results using ADNI data
The Alzheimer’s Disease Neuroimaging Initiative (ADNI) is a longitudinal multisite
study launched in 2004 focused on the development of biomarkers for AD early
detection. Participant demographics are provided in Supplemental Table 3.2. Baseline
CSF biomarker measurement of Aβ1-42, Aβ1-40, and Aβ1-38 were acquired utilizing 2DUPLC tandem mass spectrometry. Each data point represents the average of duplicate
0.1mL aliquots from a single CSF sample. Methodology was previously validated for
analysis of Aβ1-42

164

and then adapted for the additional peptides by including their

internal standards and re-validation of the protocol 165. A detailed summary of the
analytical method including sample preparation, parameters, and standards is publicly
available for download on the ADNI database (adni.loni.usc.edu). Tau positivity was
determined by the previously defined cut-off value of 23pg/mL 166.
An MSD platform-based assay was used for CSF sTREM2 measurement which
has been previously established and validated by Christian Haass’ group and reported
61, 158, 160, 167.

Neuroimaging
Cerebral blood flow (CBF) in microvasculature (rate of blood delivery to tissue,
mL/g/min) was measured using vessel-encoded pseudo-continuous arterial spin
labeling (VE-pCASL), allowing total CBF quantification as well as regional measurement
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in separate flow territories. Hypercapnic VE-pCASL using identical scan parameters and
a non-rebreathing facemask delivering 5% CO2 and 95% normoxic, normocapnic
medical-grade air measured cerebrovascular reactivity (CVR) by quantifying percentage
change in CBF normalized by the end-tidal CO2 measurement. Both CBF and CVR
methods have previously been described in detail161.
Brain MRI (3T Philips Achieva system with 8-channel SENSE reception) was
performed to collect the following cerebrovascular outcome measures: cerebral
microbleeds, lacunar infarcts and white matter hyperintensities. Descriptions of the
measurement of each biomarker has been described in detail previously 161. Briefly, a
board-certified neuroradiologist blinded to clinical information oversaw postprocessing
quantification. This included counting of cerebral microbleeds (1-10mm in diameter)
measured using susceptibility weighted imaging (SWI) scans with high resolution 3D
GRE T2* weighted gradient echo. Lacunar infarcts were identified as lesions on T1
images showing signal intensity approaching the threshold of CSF while also fulfilling
hypo/hyper-intensity criteria on fluid-attenuated inversion recovery (FLAIR) images.
These features, in combination with size (ranging 2-20mm in diameter), were used to
distinguish lacunar infarcts from other small vessel disease markers following previously
established standards168. T2-weighted FLAIR data was utilized to quantify white matter
hyperintensity lesion volumes in conjunction with an automated pipeline (Lesion
Segmentation Tool toolbox for Statistical Parametric Mapping 8) with manual edits
performed using MIPAV.

Statistical analyses
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Statistical analyses were performed in R v.4.1.2 using R Studio IDE
(https://www.rstudio.com/). Linear regression models were leveraged using CSF protein
levels of AD biomarkers to predict CSF sTREM2 measures at baseline. Covariates
included age, sex, education, and clinical diagnosis (MCI vs. NC). For neuroimaging
outcome variables, additional covariates included intracranial volume and Framingham
Stroke Risk Profile (FSRP) score. Following independent models for each biomarker,
we performed competitive models leveraging a hierarchical linear regression approach
to evaluate the unique contribution and variance explained by each significant predictor
from the independent analyses. Model selection, aided by Akaike information criterion
(AIC) and Bayesian information criterion (BIC) calculations, was performed using R
packages AICcmodave and flemix, respectively. Residuals were then calculated from
the cross-sectional models assessing variance in baseline CSF sTREM2
measurements and used to predict future cognitive performance using either a memory
or executive functioning composite score as the outcome variable within a longitudinal
linear mixed-effects regression.
Given the established association between CSF tau and CSF sTREM2, we
performed post-hoc interaction analyses for the biomarkers that remained statistically
significant in competitive hierarchical linear regression models to better understand
whether the novel biomarker associations were modified according to tau status. All
covariates remained the same as in our primary models above.
Sensitivity analyses included interaction models with sex, APOE-ε4 carrier
status, and MCI diagnosis (Supplemental Table 3.3). Additional analyses included the
date of CSF collection as a covariate to account for potential protein
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storage/degradation effects; however, accounting for this added variable did not have a
significant impact on the main effects results (Supplemental Table 3.4) or competitive
models (Supplemental Table 3.5). Further sensitivity analyses explored potential
variation in results due to statistical and visual outliers as well as adjusting MCI
diagnosis criteria to align with ADNI (Supplemental Tables 3.6-3.9). Scatter plots
showing sTREM2 by additional biomarkers after outlier removal are provided in
Supplementary Figures 3.1A-D.
All models were corrected for multiple comparisons using the Benjamini &
Hochberg (1995) false discovery rate.

Results
3.1 Participant characteristics VMAP
The VMAP discovery cohort is divided fairly equally among individuals with MCI
(46%) and NC (54%), comprised mostly of males (67%), also non-Hispanic White
participants (94%), and is highly educated (mean: 16 years). Baseline age and APOE-ε4
carrier status was similar across diagnostic groups, but years of education differed with
lower levels in MCI (mean: 15 years) compared to NC (mean: 17 years) shown in Table
3.1.
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Table 3.1. VMAP Cohort Demographics
Clinical Diagnosis
Total
Characteristic

P-value

Normal Cognition

Mild Cognitive

(N=83)

Impairment (N=72)

Male, no. (%)

58 (70)

46 (63)

104 (67)

0.535

Age (baseline)

72±6.50

72±6.18

72±6.33

0.458

Education

17±2.41

15±2.94

16±2.80

0.001

APOE-ε4 carriers,

24

27

51

no. (%)

(29)

(38)

(33)

3530±1867.29

3817±1759.49

3667±1812.50

p-tau181 CSF pg/mL

56±21.92

67±28.59

61±25.70

(% p-tau positive) †

(17)

(26)

(21)

Aβ1-42 CSF pg/mL

760±229.54

662±254.02

714±245.40

(% Aβ positive) ††

(20)

(40)

(30)

sTREM2 CSF
pg/mL

(N=155)

0.334

0.327

0.212

0.012

Values are presented as mean±standard deviation, unless otherwise indicated. A student’s t-test or a Pearson’s chisquared test was used to compare continuous or categorical variables, respectively, between cognitive diagnoses. Bold
represents statistical significance set to a priori threshold P<0.05. 6 participants are Black/African American; 2 American
Indian/Alaska Native; 2 Asian. † p-tau positive ≥ 80pg/mL and †† Aβ positive ≤ 530pg/mL.

Interestingly, we also find decreases in mean CSF sTREM2 levels in amyloid
positive, tau negative (A+/T-) individuals utilizing VMAP cut-offs for amyloid and tau181P
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positivity (≤530 pg/mL and ≥80 pg/mL, respectively). Few individuals (N=16) were A+/Tand the difference between sTREM2 levels in these individuals compared to A-/Tindividuals does not reach statistical significance (Supplementary Figure 3.2; p=0.18).

3.2 Biomarker associations with CSF sTREM2
Main effects of AD biomarkers on sTREM2 levels (sTREM2 ~ biomarker + base
covariates) were examined. First, sTREM2 associations were characterized with
respect to biomarkers of Aβ peptide abundance. CSF sTREM2 did not relate to Aβ 1-42
(p=2.59e-01; Table 3.2; Figure 3.1A), consistent with previous work showing weak 158
or no association 144, 160. In contrast, higher levels of sTREM2 robustly related to higher
CSF Aβx-40 (p=1.53e-09; Table 3.2; Figure 3.1B), and to a lesser degree related to
higher levels of N-truncated Aβx-42 species (p=7.72e-03; Table 3.2; Figure 3.1C).
Second, associations with biomarkers of tau pathology and axonal injury (NfL) were
assessed. As expected, higher CSF sTREM2 was associated with higher levels of both
total and phosphorylated tau (p=6.13e-07 and 1.81e-08, respectively; Table 3.2;
Figures 3.1D-E). High levels of sTREM2 also associated with high NfL (p=3.18e-04;
Table 3.2; Figure 3.1F). Next, associations of sTREM2 levels with a CSF biomarker of
BBB integrity were investigated. Higher levels of sTREM2 protein in CSF associated
with an increased CSF/plasma albumin ratio, indicating decreased BBB integrity
(p=1.35e-07; Figure 3.2A). This association remained regardless of APOE-ε4 carrier
status, an independent predictor of BBB permeability (Figure 3.2B) and interaction
models between the CSF/plasma albumin ratio and APOE-ε4 carrier status on sTREM2
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levels (sTREM2 ~ CSF/plasma albumin ratio*APOE-ε4 + base covariates) were
insignificant (p=0.29; Supplemental Table 3.3). A correlation matrix of sTREM2 and
additional biomarkers is provided in Supplemental Figure 3.3.
Due to the novelty of the Aβ species results, we replicated associations of
sTREM2 with both Aβ1-40 and Aβ1-38 in ADNI (β=0.37, p=6.37e-38 and β=1.50, p=4.09e34, respectively; Figures 3.3A-B), indicating broad elevations of Aβ peptide species
concurrent with rises in sTREM2.
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Figure 3.1. Main effects of AD CSF biomarkers on sTREM2 levels. Unadjusted scatter
plots showing the main effects of AD CSF Biomarkers (x axis) on CSF sTREM2 (y axis).
Higher sTREM2 levels relate to increases in AD biomarkers of shorter amyloid-β peptides
and neurodegeneration: (A) sTREM2 levels do not significantly relate to levels of full-length
Aβ1-42 , p=2.59e-1. Higher sTREM2 levels significantly relate to increases in (B) Aβx-40,
p=1.53e-9; (C) Aβx-42, p=7.72e-3; (D) total tau, p=6.13e-7; (E) phosphorylated tau,
p=1.81e-8, and (F) NfL, p=3.18e-4. Protein measurements given in pg/mL.
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Table 3.2. Main Effects of Baseline CSF Biomarkers on sTREM2 Measurement
Predictor

β

SE

DF

P

Aβx-40

0.490

0.076

149

1.532e-09*

p-tau181

30.513

5.126

149

1.818e-08*

CSF/plasma albumin ratio

327.552

59.077

145

1.355e-07*

t-tau

3.146

0.604

149

6.137e-07*

NfL

0.969

0.263

144

3.185e-04*

Aβx-42

1.448

0.536

149

7.728e-03*

Aβ1-42

0.678

0.599

149

2.599e-01

Bold represents statistical significance set to a priori threshold P<0.05. An asterisk indicates survival for multiple
comparisons by FDR correction across each primary model (Benjamini & Hochberg 1995). Significance value (P),
degrees of freedom (DF), standard error (SE) and estimate of coefficient (β) represented for each model.

Figure 3.2. CSF/plasma albumin X APOE-ε4 status on sTREM2. Unadjusted plots
showing higher CSF sTREM2 levels relate to an increased CSF/plasma albumin ratio
independent of APOE-ε4 carrier status: (A) Main effect of the CSF/plasma albumin ratio on
sTREM2 (p=1.35e-07). (B) Interaction of CSF/plasma albumin* APOE-ε4 carrier status on
sTREM2 (p.int.= 0.28). sTREM2 protein measurements given in pg/mL.
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Figure 3.3. Main effects of AD CSF biomarkers on sTREM2 ADNI replication.
Unadjusted plots demonstrating main effects of shorter Aβ species on sTREM2 using ADNI
data. Higher CSF sTREM2 levels relate to increases in CSF (A) Aβ1-40 and (B) Aβ1-38
(β=0.37, p=6.37e-38 and β=1.50, p=4.09e-34, respectively). Protein measurements given in
pg/mL.

3.3 Competitive models highlight sTREM2 relationships beyond tau
To further deconvolve components of CSF sTREM2 signal in VMAP, competitive
hierarchical linear regression models were utilized (Table 3.3). The base model (CSF
sTREM2 ~ age + sex + education + cognitive diagnosis) explained 11.8% of variance in
sTREM2 protein measurement. Independently, p-tau181 explained 17.7%, Aβx-40
explained 21.2% and the CSF/plasma albumin ratio explained 21.2% of variance in
sTREM2 levels. For the purpose of model selection, p-tau was inputted first given the
association is well-established in the literature. This allowed use of the hierarchical
model to evaluate variance explained above and beyond p-tau and covariates. Model 1
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includes p-tau181 as a predictor explaining an additional 16.9% of variance in sTREM2
levels above and beyond the base model. The addition of Aβx-40 in Model 2 explains an
additional 4.6% of variance above and beyond Model 1. And the inclusion of the BBB
marker in Model 3 explains 14.8% of variance above and beyond Model 2 (R 2=0.4813).
When including biomarkers (p-tau, Aβ, and the CSF/plasma albumin ratio) in Model 3 all
three remained statistically significant. Together, p-tau181, Aβx-40, and the CSF/plasma
albumin ratio explain 36% of the variance in CSF sTREM2 levels.

Table 3.3. Competitive Hierarchical Linear Regression Results
Model

Formula

DF

AIC

BIC

R2

Adjusted R2

∆R2

150

2778

2798

0.118

0.089

N/A

149

2747

2770

0.288

0.259

0.169

148

2738

2765

0.333

0.302

0.046

143

2636

2664

0.481

0.452

0.148

CSF sTREM2 ~ age +
base

sex + education +
cognitive diagnosis

1

CSF sTREM2 ~ base
covariates + p-tau181
CSF sTREM2 ~ base

2

covariates + p-tau181 +
Aβx-40
CSF sTREM2 ~ base

3

covariates + p-tau181 +
Aβx-40 + CSF/plasma
Albumin ratio

∆R2 = change in R2 from previous nested model. Akaike information criterion (AIC) and Bayesian information
criterion (BIC) calculations derived as follows: AIC = 2K – 2ln(L); where K = number of model parameters, and
ln(L) = model log-likelihood. BIC = (RSS+log(n)dσ̂ 2) / n; where RSS = residual sum of squares, n = total
observations, d = number of predictors, and σ̂ = estimate of variance of the error associated with each response
measurement.

3.4 Deconvolving tau, Aβ, and BBB associations with post-hoc interaction models
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Given the known association between CSF tau and CSF sTREM2, we sought to
better understand if the novel sTREM2 associations with Aβ and BBB differed by tau
status. We did not observe statistically significant interactions between Aβ x-40 and ptau181 on sTREM2 (p=0.64) or between the CSF/plasma albumin ratio and p-tau181
(p=0.25), demonstrating associations were present regardless of tau status
(Supplemental Figures 3.4A-B). Similarly, no significant interaction between Aβ1-40
and p-tau181 positivity on sTREM2 in the larger ADNI dataset was observed (β=0.07,
se=0.06, p=0.22; Supplemental Figure 3.5).

Sensitivity analyses
Interactions between tau markers with cognitive diagnosis, as well as APOE-ε4
carrier status on sTREM2, survived correction for multiple comparisons suggesting a
stronger association between sTREM2 and biomarkers of tau pathology amongst
APOE-ε4 non-carriers compared to carriers, and among individuals with NC compared
to those with MCI (Figures 3.4A-D). Additionally, nominal interactions between tau and
sex (Supplemental Table 3.3) were observed. In contrast, neither interactions between
Aβx-40 nor the CSF/plasma albumin ratio with sex, APOE-ε4 carrier status, or diagnosis
(Figures 3.5A-D and Supplemental Table 3.3) were observed. In replication analyses
using ADNI data we observed similar APOE-ε4 (p<0.02) and diagnosis interactions
(p<2.0e-05; Supplemental Figure 3.6) with tau on sTREM2 levels and did not observe
such interactions with Aβ species (p>0.16).
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Figure 3.4. Tau interactions with diagnosis and APOE-ε4 status on sTREM2.
Unadjusted plots showing tau biomarkers interact with cognitive diagnosis as well as APOEε4 carrier status on sTREM2 levels in CSF: (A) phosphorylated tau*diagnosis, p.int.=0.033,
(B) phosphorylated tau*APOE-ε4, p.int.=0.006, (C) total tau*diagnosis, p.int.=0.003, and (D)
total tau* APOE-ε4, p.int.=0.002. Protein measurements given in pg/mL.
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Figure 3.5. Aβ and BBB interactions with diagnosis and APOE-ε4 status on sTREM2.
Unadjusted plot demonstrating Aβ, and BBB biomarkers do not significantly interact with
cognitive diagnosis nor APOE-ε4 carrier status on sTREM2 levels in CSF: (A) CSF/plasma
albumin ratio * diagnosis, p.int.=0.62, (B) CSF/plasma albumin ratio * APOE-ε4, p.int.=0.28,
(C) Aβx-40 * diagnosis, p.int. =0.36, and (D) Aβx-40 * APOE-ε4, p.int.=0.78. Protein
measurements given in pg/mL.

76

Lastly, sensitivity analyses assessed the impact of MCI diagnosis criteria
between VMAP and ADNI as well as statistical and visual outliers. Specifically, VMAP
MCI diagnosis criteria was updated to resemble more closely that of ADNI. This
included the removal of 13 individuals with a Clinical Dementia Rating (CDR) of 0 or a
Montreal Cognitive Assessment (MoCA) score of 17 or less (a MoCA score of 18
corresponds to an MMSE score of 24) 169. These analyses yielded similar results and
are provided in Supplemental Tables 3.6-3.9.

3.5 Associations with cognition and clinical progression
Given that CSF p-tau181, CSF Aβx-40, and the CSF/plasma album ratio all explain
independent variance in sTREM2, next, it was explored which component of the sTREM2
variance is also associated with cognitive performance. This was evaluated by regressing
out variance in sTREM2 associated with each biomarker sequentially and assessing the
association between sTREM2 residual variance (when accounting for a given biomarker)
with cognition. If regressing out a biomarker alters the association with cognition, it was
concluded that the variance in sTREM2 associated with that particular biomarker is also
relevant to cognitive performance. Baseline CSF sTREM2 levels predicted longitudinal
memory in VMAP (β=1.44e-05, se=6.80e-06, p=0.03), similar to previous reports

170, 171

but not longitudinal executive functioning (β= -3.22e-06, se=7.32e-06, p=0.66). Due to
the well-established association between tau levels and cognitive decline, we wanted to
determine whether this association was due simply to covariance with tau. When
regressing out the variance in sTREM2 associated with p-tau181, the residual variance in
sTREM2 remained associated with longitudinal memory decline (β=1.68e-05, se=7.28e-
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06, p=0.02). Similarly, when regressing out the variance in sTREM2 associated with both
the CSF/plasma albumin ratio and p-tau181 the residual variance remained significantly
associated with longitudinal memory decline (β=2.21e-05, se=8.15e-06, p=6.83e-03). In
contrast, when regressing out the variance in sTREM2 associated with CSF Aβ x-40, the
residual variance was not associated with longitudinal cognitive performance (β=1.37e05, se=7.41e-06, p=0.06). These results suggest that variance in sTREM2 that is related
to Aβ species may indeed be relevant to cognitive trajectory.

3.6 CSF sTREM2 does not relate to neuroimaging measures of cerebral small
vessel disease
Due to the association between sTREM2 and BBB permeability it was sought to
examine sTREM2 levels in relation to additional measures of vascular integrity using
VMAP data. Hemodynamic and structural neuroimaging measures of cerebrovascular
health and small vessel disease, including whole-brain CBF and CVR, cerebral
microbleeds, lacunar infarcts, and global white matter lesion volume were utilized as
outcome variables in these models. sTREM2 protein levels in CSF at baseline in VMAP
were not associated with any of the neuroimaging measures of cerebrovascular health
and disease (Table 3.4; p>0.389).
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Table 3.4. Main Effects of Baseline CSF sTREM2 Measurement on Neuroimaging
Measures of Cerebrovascular Injury
Outcome
Presence of cerebral
microbleeds
Presence of lacunar infarcts
Global white matter lesion
volume
Grey matter cerebrovascular
blood flow (CBF)
Grey matter cerebrovascular
reactivity (CVR)

β

P

-4.358e-05

0.669

-4.522e-05

0.673

3.026e-06

0.971

3.128e-04

0.389

3.045e-05

0.754

Furthermore, sex, MCI diagnosis as well as APOE-ε4 carrier status did not interact with
sTREM2 levels on these outcome measures (Table 3.5).
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Table 3.5. CSF sTREM2 Interactions on Cerebrovascular Neuroimaging Measures
CSF sTREM2 Interactions on Cerebrovascular Neuroimaging Measures
sTREM2 x APOE-ε4 carrier status

sTREM2 x Sex

sTREM2 x MCI diagnosis

Outcome
β

P

P.fdr

β

P

P.fdr

Β

P

P.fdr

1.720e-04

0.822

0.822

1.232e-03

0.271

0.541

3.246e-04

0.643

0.643

-2.226e-04

0.265

0.529

-1.298e-04

0.568

0.568

-1.661e-04

0.386

0.643

-1.263e-04

0.556

0.647

1.878e-04

0.464

0.464

-7.920e-05

0.684

0.684

-1.059e-04

0.647

0.647

5.837e-04

0.045

0.134

-1.962e-04

0.332

0.498

-2.845e-04

0.100

0.301

3.297e-04

0.119

0.179

-1.856e-04

0.243

0.498

Hemodynamic
Grey matter
cerebrovascular
blood flow (CBF)
Grey matter
cerebrovascular
reactivity (CVR)
Structural
Presence of
cerebral
microbleeds

Lacunar infarcts

Global white
matter lesion
volume

Bold represents statistical significance set to a priori threshold P/P.fdr < 0.05 (Benjamini & Hochberg 1995).
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Discussion
The present results provide an in-depth characterization of CSF sTREM2
expression in non-demented older adults. We provide strong evidence that fluid
biomarkers of tau pathology, Aβ abundance, and BBB dysfunction independently relate
to sTREM2 levels, and that together these biomarkers explain substantial variance in
CSF sTREM2. Specifically, we recapitulate previously reported associations between
CSF sTREM2 and both biomarkers of BBB integrity and tau pathology demonstrating
for the first time that all three biomarkers (Aβx-40, the CSF/plasma albumin ratio, and ptau) explain unique variance in sTREM2 using competitive models. Importantly, our
results provide novel evidence that sTREM2 relates to elevated CSF Aβ species and
that the variance in baseline CSF sTREM2 levels associated with Aβ x-40 predicts future
cognitive performance. Together, our results highlight the need to better understand
sTREM2 in relation to the complex intersection of AD neuropathology, microglial
activation, and BBB dysfunction to characterize its utility as both a dynamic biomarker of
disease and therapeutic target.

4.1 Unique contribution of tau, BBB dysfunction, and Aβ abundance to sTREM2
levels
Together, findings suggest that a heterogeneous set of biological correlates in
the aging brain likely contributes to sTREM2 changes in CSF, including independent
associations with tau, BBB dysfunction, and the most abundant Aβ species (Table 3.2;
Figures 3.1-3.2). Given the previously described associations between CSF biomarkers
of tau pathology and CSF sTREM2, it is not surprising that CSF p-tau181 explained
significant variance in sTREM2 levels. Previous work has demonstrated not only that
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sTREM2 relates to CSF p-tau, but also that the ratio of sTREM2 to p-tau is predictive of
future cognitive decline 170. Although this was not recapitulated in our smaller cohort, we
do see a significant interaction between total tau and cognitive diagnosis on sTREM2
levels (sTREM2 ~ t-tau*diagnosis + base covariates) while p-tau performs similarly but
does not reach statistical significance (Figure 3.4), demonstrating a stronger
association between tau biomarkers and sTREM2 in cognitively normal individuals
compared to those with MCI. Likewise, using ADNI data, the association between ptau181 and sTREM2 differs by diagnosis where tight coupling is attenuated in both MCI
and AD compared to cognitively normal individuals (Supplemental Figure 3.6).
Therefore, the sTREM2/p-tau ratio likely predicts longitudinal cognitive outcomes
because of this decoupling of sTREM2 and tau as the disease progresses. In contrast
to p-tau, Aβx-40 explains a slightly larger percentage of variance in sTREM2, but this
association does not differ by diagnosis. Interestingly, even when removing the variance
in sTREM2 that is due to p-tau, the variance in sTREM2 that is associated with Aβx-40
remains associated with future cognitive decline, suggesting that the complex interplay
between Aβ abundance, tau pathology, and sTREM2 is needed to properly interpret the
clinical relevance of this emerging biomarker. Finally, the CSF/plasma albumin ratio
explained an additional 14.8% of variance in CSF sTREM2 beyond covariates, CSF ptau181, and Aβx-40, highlighting the potential importance of the neurovascular unit (NVU)
to changing CSF sTREM2 levels (Table 3.3). While previous work has discussed the
potential drivers of tau associations with sTREM2

107, 149, 160,

less is known about the

independent associations with BBB and Aβ abundance, so we expand our discussion of
those two relationships below.
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CSF sTREM2 relates to broad peptide species of CSF amyloid-β
CSF sTREM2 associations with Aβ have been inconsistent and focused on Aβ142

144, 158-160.

However, we observed a robust, novel association between CSF sTREM2

and shorter species including truncated CSF Aβ (Figure 3.1B-C; Table 3.2) as well as
Aβ1-40 and Aβ1-38 using ADNI data (Figure 3.3) that may explain some of the discrepant
reports in the literature. One possibility is that the positive correlation between Aβx-40
and sTREM2 concentration reflects a direct beneficial role of sTREM2 in facilitating
amyloid clearance described in the animal model literature. Specifically, injection of
recombinant sTREM2 in Trem2-knockout and wild-type mice, as well as in culture,
induced inflammatory responses in microglia, significantly increasing IL-1β, IL-10, IL-6,
and TNF cytokine production and enhancing microglial survival

74.

Additionally, sTREM2

stereotaxic injection in the hippocampus has been shown to ameliorate Aβ plaque load
in 5XFAD mice, suggesting a beneficial role for sTREM2 in AD

84.

However, we did not

observe associations with Aβ1-42 or the Aβ42/40 ratio (Supplemental Figure 3.3), both of
which are thought to be the most sensitive markers of AD neuropathology, suggesting
the associations with other Aβ species may not reflect brain amyloidosis. This is
particularly interesting given previous evidence that sTREM2 levels decline in the early
preclinical stages of AD in amyloid positive individuals before elevating later in the
disease cascade 160, a pattern recapitulated in the present cohort. It may be that the tau
association masks an independent Aβ1-42 association as pathology begins to emerge,
but the data presented cannot speak to such a possibility.
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Beyond a direct role in Aβ processing or clearance, it is also possible that the
association between sTREM2 and Aβ reflects a compensatory alteration in Aβ
abundance in response to glial activation and/or altered neuronal activity. Synaptic
activity has indeed been linked to the regulation of soluble Aβ abundance in interstitial
fluid (ISF) in vivo and in vitro 172, 173. And this activity-dependent modulation of Aβ
production has been proposed as a compensation to neuronal hyperactivity

174, 175.

This

compensation hypothesis aligns with our data suggesting the relationship of Aβx-40 to
sTREM2 may indeed be important to cognitive functioning. It is possible that prior to the
onset of neurodegeneration, sTREM2 is elevated concurrently with an inflammatory
response that promotes glymphatic trafficking of free and abundant Aβ peptide. As Aβ40
is the most abundant species, this provides for a more sensitive window in which it is
possible to detect alterations of abundance in the CSF compartment by regulators of
ISF/CSF flow. Functional studies will be needed to evaluate these mechanistic
hypotheses and understand the interplay more thoroughly between Aβ species and
TREM2 proteins. Finally, it is also possible that sTREM2 levels rise concurrently with a
parallel mechanism of Aβ abundance that is causally unrelated or driven by a third
unmeasured variable. Regardless of the mechanism, our results provide strong
evidence that sTREM2 levels are correlated with the abundance of Aβ species in a
manner that does not appear to be specific to plaque deposition and that does not
change with clinical disease.
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CSF sTREM2 relates to BBB integrity
We also identified an association of the TREM2 axis with BBB permeability,
recapitulating one other report in the literature 110 whereby higher levels of CSF
sTREM2 were associated with greater BBB permeability as indicated by the
CSF/plasma albumin ratio (Figure 3.2A; Table 3.2). This association was independent
of APOE-ε4 carrier status (Figure 3.2B), suggesting an alternative pathway of
cerebrovascular injury coincides with elevations in CSF sTREM2. Notably, our analyses
revealed that BBB integrity, as measured by the CSF/plasma albumin ratio, explained a
substantial proportion of variance in CSF sTREM2 levels (Table 3.3). BBB breakdown
allows blood-derived accumulation of toxic proteins (i.e., fibrin and thrombin), microbial
agents, as well as peripheral immune cells within the brain parenchyma

27.

In turn, this

remodeling drives microglial alterations associated with elevated sTREM2. Moreover, it
is possible that the high levels of CSF/plasma albumin and sTREM2 reflect a
compensatory change in barrier permeability in response to deposition of amyloid as
early neuroinflammation may also serve to stave off plaque formation. Similarly, the proinflammatory role of sTREM2 in activating microglia may drive cerebrovascular
dysregulation as microglia are known to regulate critical NVU mechanisms such as the
recruitment of peripheral immune cells and the integrity of tight junction proteins

176.

This balance of neuronal-glial-vascular communication is a critical component of AD
pathophysiology and subsequent heterogeneity. A better understanding of the role of
sTREM2 and BBB function is critical, particularly as modulation of TREM2 is being
actively pursued as a treatment target for AD pathogenesis

51.

Future studies including

longitudinal measurement of sTREM2, and markers of cerebrovascular injury are
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needed to determine whether early elevations of sTREM2 predict changes in other NVU
processes over the course of disease.
CSF sTREM2 expression was additionally characterized in relation to
neuroimaging biomarkers of cerebrovascular health and disease. Results show baseline
CSF sTREM2 did not associate with grey matter measurement of CBF nor CVR
indicating sTREM2 protein levels may not be an efficacious predictor of hemodynamic
changes during the preclinical or prodromal stages of AD. Similarly, CSF sTREM2 did
not associate with structural measurements of morphological substrates of small vessel
disease, further suggesting that CSF sTREM2 does not correlate with cerebrovascular
neuropathology during an early window of disease. Conversely, very few individuals in
VMAP were diagnosed with CVD (n=5/155) and exclusion criteria included a diagnosis
of dementia. Therefore, it is possible that results may differ in a setting of more severe
disease or vascular dementia. In summary, elevated CSF sTREM2 appears to occur in
the absence of neuroimaging evidence of overt cerebrovascular disease, suggesting
associations may be specific to the BBB. Despite many sensitive neuroimaging
outcome measures, one important limitation to note was the lack of a neuroimaging
marker of BBB integrity, which precludes the confirmation of a structural correlation of
sTREM2 and BBB permeability. Future studies will be needed to determine this as well
as the exact relationship between concurrent elevations in CSF sTREM2 and the
CSF/plasma albumin ratio.

Strengths and limitations
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Our deeply characterized cohort provides rich timepoints early in the disease
process providing a unique opportunity to understand changes in sTREM2 within the
preclinical period. Moreover, we were able to replicate previous associations and
provide independent replication for the novel associations reported herein. Despite
these strengths, our focus on baseline biomarker measurements precludes the temporal
resolution and experimental control needed to determine cause and effect. Finally, it
should be noted that our sample is enriched for highly educated, non-Hispanic White
individuals, limiting our ability to generalize to other populations.

Conclusions
Taken together, we demonstrate that CSF sTREM2 relates to biomarkers of
concomitant pathological processes in AD including Aβ peptide abundance, tau
pathology, and BBB dysfunction. We highlight multiple novel and independent pathways
that are relevant to sTREM2 levels in aging and AD, enhancing its characterization as a
biomarker and therapeutic target. Results suggest sTREM2 is relevant to cognitive
progression with a heterogeneous etiology that must be further explored if it is going to
have future clinical utility.
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CHAPTER 4
“MS4A-ASSOCIATED SNP INTERACTIONS WITH TREM2 & STREM2 EXPRESSION
ON ALZHEIMER’S DISEASE PATHOLOGY”

Introduction
Variants in the membrane-spanning 4-domains subfamily A (MS4A) gene cluster
have been previously linked to late-onset AD risk modulation in several large GWAS93,
94, 177-180,

implicating the 12.2 region on chromosome 11q spanning roughly 800kb and

including genes MS4A6A, MS4A4E and MS4A4A. Since that initial discovery, the same
MS4A6A and MS4A4A associated variants have also been associated with CSF
sTREM2 levels in humans92, 95. MS4A proteins belongs to the tetraspanin superfamily of
cellular membrane proteins which are enriched primarily in hematopoietic cells with
immunomodulatory functions, such as monocytes and dendritic cells. Several
tetraspanin superfamily members are expressed in microglia in brain, including
MS4A4A and MS4A6A92, 181, 182. Although this family of proteins is largely
uncharacterized, MS4A proteins are known to be involved in calcium signaling, mast
cell degranulation, as well as activation and regulation of both B and T cells. Therefore,
several anti-MS4A antibodies have proven effective for autoimmune diseases including
multiple sclerosis183, 184 and experimental autoimmune encephalomyelitis185 wherein
there is immune hyperactivity . However, to-date, there is no clear link between the
MS4A AD-associated SNPs and AD progression186.
Despite this gap in knowledge, MS4A proteins have several important documented
functions in the regulation of AD-relevant immunopathology. For example, members of
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the MS4A gene family regulate the of activation and function of T cells. MS4A4B
knockdown was found to induce apoptosis whereas overexpression attenuated
apoptosis of activated T cells. Another member, MS4A2, is expressed on mast cells in
the brain localized to the BBB which undergo cell-cell communication with surrounding
components of the neurovascular unit including microglia, vascular endothelial cells,
and astrocytes187. MS4A2 demonstrates the ability to promote T cell infiltration. Its
expression promotes inflammation and leads to an increase in T cell activation, survival,
as well as infiltration across the BBB186. Although the exact mechanisms and extent of
contribution from peripheral and central immune systems crosstalk to AD pathogenesis
is debated, previous research shows increases in T cell infiltration in AD and expression
in brain cause microglial activation, subsequent inflammation, and neuronal damage 43,
188, 189.

Therefore, it is hypothesized that MS4A cluster proteins contribute to AD

pathogenesis via immune dysregulation that may involve a complex interplay between
peripheral and central immune cell types.
Strikingly, two variants in the MS4A gene cluster were found to be independent
genome-wide significant modifiers of CSF sTREM2 expression levels92. The main
signal, rs1582763, was associated with increased CSF sTREM2 expression and
previously linked to decreased risk and slower onset of AD. This SNP explains 6% of
CSF sTREM2 expression while another independent signal, rs6591561 helped explain
another 1%. In contrast to rs1582763, rs6591561 was associated with decreased CSF
sTREM2 levels, but increased risk of AD. Higher levels of CSF sTREM2 have indeed
been associated with better cognitive and neuropathological outcomes in AD84, 170, 171,
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190, 191.

Therefore, we can hypothesize that genetic regulation of sTREM2 production via

MS4A SNPs may gate progression of the disease.
Functional annotation of these SNPs by Deming et. al.92 revealed a cis-acting
eQTL effect using Brainiac and GTEx data. Intergenic rs1582763 increased cortical and
decreased peripheral blood expression of MS4A4A and MS4A6A. No trans-eQTL effect
on TREM2 expression in brain was found suggesting MS4A4A and/or MS4A6A are
responsible for modulating sTREM2 levels. Further supporting this idea were analyses
performed by Deming and colleagues using human macrophage culture demonstrating
TREM2 and MS4A4A colocalize in the membrane on lipid rafts. Additionally, sTREM2
mRNA expression was significantly higher in macrophages with lentiviral-induced
overexpression of MS4A4A as well as with decreasing concentrations of anti-MS4A4A
antibody suggesting MS4A4A expression leads to increased sTREM2 production.
Finally, results from these same authors utilizing mendelian randomization models
highlight variation in sTREM2 levels mediated by these opposing tool SNPs as causal
as opposed to being associated with AD risk by means of reverse causality or a
confounding variable. Together genetic and functional studies indicate a possible role of
MS4A4A and/or MS4A6A upstream TREM2, and, specifically, a potential causal role of
sTREM2 in AD pathogenesis92, 95, 186. Additionally, the discovery of genetic regulators of
constitutive sTREM2 expression and association with AD bolsters existing evidence for
a central role of TREM2/sTREM2 expression contributions to disease beyond that of
rare TREM2 risk variants. A crucial step remains to establish a potential association
between genetic regulation of the MS4A gene cluster and AD neuropathology.
Fortunately, these two MS4A SNPs with opposing profiles for AD risk modulation, onset,
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as well as sTREM2 abundance makes them a great pair of variant tools for further
interrogating the associations of MS4A genes with AD phenotypes. Furthermore, since
they are both common SNPs found in over 30% of the population92, 93, this indicates that
the MS4A cluster regulates constitutive sTREM2 production whereby, a large portion of
the population has higher or lower basal levels of sTREM2. Despite natural variation in
sTREM2 levels among individuals, possible differences in the levels of Aβ, tau, or
cerebrovascular pathology remain to be determined in relation to MS4A AD-associated
SNP status.
Therefore, we sought to determine whether rs1582763 and or rs6591561 interact
with sTREM2 levels on multiple markers of AD pathology in VMAP. As per rationale in
previous chapters (1-3), the intent was to examine these interactions across markers of
Aβ, tau, and cerebrovascular neuropathology. Due to the proposed role of sTREM2
fragment in regulating microglial response to Aβ plaques84 as well as additional studies
showing sTREM2 levels associated with BBB permeability110, also changes in
expression of sTREM2 related to α4β1-mediated T cell migration across this barrier192,
CSF sTREM2 levels may be at least partially dependent on peripheral-central
inflammatory communication. For these reasons, it was hypothesized that genetic
regulation by MS4A variants of CSF sTREM2 levels modify critical sTREM2-mediated
neuroinflammatory responses during early Aβ deposition. It is clear that CSF sTREM2
levels increase with the onset of neurodegeneration in AD158, 167, but because of a lack
of functional relationship between sTREM2 and tau itself, it was less certain whether
this relationship would extend to a subsequent immunological response to tau.
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Specifically, whether genetic regulation of sTREM2 by MS4A variants would modify this
later outcome.

Because several previous results indicated a stronger coupling between the
TREM2 pathway and amyloid rather than tau (see chapters 2 and 3) and the preclinical
animal model literature implicates sTREM2 in early amyloid clearance84 – we
hypothesized both rs1582763 and rs6591561 would interact with sTREM2 levels on
amyloid outcomes but in opposite directions. Specifically, the AD-protective rs1582763
minor allele (MAF = 0.368) may interact with CSF sTREM2 levels to drive established
positive associations with shorter CSF Aβ species which potentially mark processing of
Aβ species not preferentially allocated to parenchymal plaques. MS4A4A missense
mutation and AD risk variant, rs6591561_G (p.M159V, MAF = 0.316), was thus
hypothesized to attenuate the known positive association between sTREM2 levels and
truncated Aβ species in CSF, indicating reduced processing of trafficable species and
potentially a reduced ability to mount a proper sTREM2-mediated immune response
against AD neuropathology. These interactions were hypothesized the extend to the
previously established main effect of sTREM2 levels on BBB permeability, whereas
sTREM2’s response to amyloid may be accompanied by early neuroinflammation and
hence increases in barrier permeability as measured by the CSF/plasma albumin ratio.
However, the directional hypothesis we make a priori is difficult given the lack of
molecular etiology surrounding the coupling between sTREM2 and AD pathology.
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Methods

Participant data was acquired from four separate cohort studies of aging and
dementia. VMAP methods including lumber puncture and biochemical quantification of
CSF biomarkers, cognitive diagnosis, neuropsychological composites of memory and
executive functioning, and blood draw and albumin measurement are included in
Chapter 3 (pages 60-63). ADNI methods of CSF sTREM2 biomarker quantification as
well as 2D-UPLC-tandem mass spectrometry measurements of Aβ1-42, Aβ1-40, and Aβ138

CSF peptides are also included in Chapter 3 (page 63). ROS/MAP autopsy measures

of AD neuropathology, TREM2 mRNA quantification, and cohort demographics are
described in Chapter 2 (pages 25-30). Additional methods included in this present
chapter are specified as follows:

Genotyping and Quality Control
Genotyping was performed using whole blood (VMAP and ADNI) or brain tissue
extracted DNA (ROS/MAP) on the following genotyping arrays: Illumina MEGAEX
(VMAP); three Illumina platforms were used in ADNI: Human610-Quad,
HumanOmniExpress, and Omni 2.5M. ROS/MAP genotypes were also obtained on
multiple platforms: Affymetrix Genechip 6.0, Illumina Human1M, and Illumina Global
Screening Array. Sample sets genotyped on different arrays were processed and
imputed in parallel and merged after imputation.
Standard QC was performed in accordance with the Computational
Neurogenomics GWAS pipeline (Vanderbilt Memory and Alzheimer’s Center) which
excluded variants with genotyping efficiency <95% or minor allele frequency (MAF) <1.
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Additionally, samples with call rates <99%, who exhibited an inconsistency between
reported and genetic sex (i.e., assigned females with an X chromosome homozygosity
estimate >0.8 or assigned males with a value <0.2), who displayed excess relatedness
(i.e., pi-hat >0.25) or excessively high or low rates of heterozygosity (i.e., >5 SD) were
removed. In order to detect samples with large-scale differences in ancestry, principal
components (PCs) were calculated using 1000 Genomes
(http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/) as reference populations.
Individuals who self-reported as non-Hispanic White were kept. PLINK, versions 1.9 and
2.0 (https://www.cog-genomics.org/plink/) were used. Prior to imputation, all
palindromic, multi-allelic or duplicated variants were removed. Then, variant positions
were lifted over to genome build 38 (when appropriate) and compared to the TOPMed
reference panel. Variant strand, position, and reference allele assignment were
updated, where necessary. Variants were excluded if they failed lift-over or did not
match the reference panel.
Imputation was performed on the TOPMed Imputation Server version 1.5.7
(https://imputation.biodatacatalyst.nhlbi.nih.gov/), using Minimac4, and Eagle for
phasing. The genetic data was then filtered for imputation quality (R2>0.8) and
multiallelic SNPs. Finally, variants were filtered for MAF>0.01, and Hardy-Weinberg
Equilibrium p>1E-06. Genetic ancestry was assessed using PCs and sample outliers
were identified and removed.

ROS/MAP SRM Proteomic Measures of Aβ and Tau
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Frozen dlPFC tissue samples were utilized for single reaction monitoring mass
spectrometry (SRM) proteomic analysis. Sample preparation and standard protocols are
previously described193, 194. Experiments were carried out using a nano ACQUITY UPLC
coupled to TSQ Vantage MS instrument where 2uL of sample was injected for each
measurement. Peptide separations were performed by an ACQUITY UPLC BEH 1.7µm
C18 column (75µm i.d. × 25cm) at a flow rate of 350nL/min using a gradient of 0.5%
buffer (0.1% FA in 90% ACN) in 0-14.5min, 0.5-15% in 14.5-15.0min, 15-40% in 1530min and 45-90% in 30-32min. The heated capillary temperature and spray voltage
was set at 350 °C and 2.4kV, respectively. Both the Q1 and Q3 were set as 0.7FWHM
(full width at half maximum). A scan width of 0.002m/z and a dwell time of 10ms were
used. Data were analyzed by Skyline software195. Accuracy of peak assignments and
boundaries were inspected manually. The peak area ratios of endogenous light
peptides and their labeled internal standards were automatically calculated by Skyline.
Endogenous peptide quantification was assessed as a ratio of spiked-in synthetic heavy
isotope-labeled peptides (“light”/”heavy”). Relative abundance of each peptide was
normalized yielding a median log2-transformed ratio of zero to adjust for differences in
protein expression between samples. Quality control of signal to noise ratio was
assessed as the ratio of variance across subject samples to that of technical controls.
This involved a scattering of pooled control samples throughout the experiment (8
samples/96-well plate) allowing for capture of technical variance from sample
preparation or instrumental measurement. Peptides measurements with a signal to
noise ratio of less than 2, >10% missingness and/or >4 standard deviations from the
mean were removed prior to model analyses.
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Statistical Analysis
Statistical analyses were performed in R v3.6.1 using R Studio IDE
(https://www.rstudio.com/). To evaluate the data, a multiple linear regression models
(for cross-sectional cognition and AD-related pathology outcomes) were used. Linear
regression models covaried for age (or age at death), sex, post-mortem interval (when
appropriate), and education. Models assessed MS4A SNP interaction with CSF
sTREM2 protein or TREM2 mRNA expression levels on the following AD clinical and
neuropathological outcome measures: cross-sectional baseline cognition (VMAP/ADNI),
CSF biomarkers Aβ1-42, Aβx-42, Aβx-40, p-tau, t-tau, CSF/plasma albumin ratio (VMAP),
mass spectrometry measurement of Aβ1-42, Aβ1-40, Aβ1-38, (ADNI), and mass
spectrometry measurement (SRM) of tau AT8, total Aβ, and Aβ 1-38 peptides
(ROS/MAP). ADNI and ROS/MAP data allowed for replication of SNP interactions from
initial findings using the VMAP discovery cohort including outcome measures of
cognition, and Aβ.
Sensitivity analyses were conducted to account for possible variation in model
predictions due population structure/ancestry by the adding the first five principal
components of the genetic data as covariates in the SNP interaction models. Similarly,
additional models included race as a covariate. These sensitivity analyses yielded
similar results.
All models were corrected for multiple comparisons using the Benjamini &
Hochberg (1995) false discovery rate based on the total number of tests completed,
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accounting for all interaction analyses. Statistical outliers of TREM2 mRNA or sTREM2
protein outside four standard deviations from the mean were removed.

Results
Participant Demographics
For detailed cohort demographics in VMAP please see “Participant Demographics”
Chapter 3 (pages 66-67) utilizing the same discovery cohort of 155 individuals with CSF
sTREM2 measurement. Non-Hispanic white data was used for MS4A-associated SNP
interaction analyses in VMAP filtering our sample size for individuals with sTREM2
measurement in CSF and genotype information to N=127 and N=128, respectively, for
rs1582763 and rs6591561.
Minor Allele of rs1582763 is Associated with Increased CSF sTREM2 Levels
As expected, individuals carrying the minor allele (A<G) of rs1582763 had higher
concentrations of sTREM2 in CSF as compared to non-carriers (Figure 4.1; p=0.004).
There was a dose-dependent response of CSF sTREM2 concentration to minor allele
dosage. However, few individuals in this cohort were homozygous for rs1582763_A
(Figure 4.1B; N=15). Additionally, these increased levels of sTREM2 in minor allele
carriers were not specific to cognitive diagnosis, suggesting this SNP contributes to
constitutive levels of sTREM2 in CSF (Figure 4.1C). In contrast to rs1582763 minor
allele carriers, there was no association between sTREM2 levels and rs6591561
genotype (Figure 4.2). We expected this risk allele, rs6591561_G, to be associated with
decreased CSF sTREM2, supporting results from Deming et. al. 2019 92. The lack of
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significant association may be due to our smaller sample size (N=155) as compared to
the initial report concerning 813 individuals in ADNI. Furthermore, these individuals in
ADNI included those with clinical AD diagnosis. Whereas this VMAP cohort does not
include AD participants and the lack of association between sTREM2 levels and
rs6591561 genotype holds true across cognitive diagnosis of either NC or MCI (Figure
4.2C).
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Figure 4.1. CSF sTREM2 characterization across rs1582763 genotype. (A) CSF
sTREM2 levels are increased in minor allele (A) carriers compared to non-carriers (B)
Increases in CSF sTREM2 are seen in heterozygote carriers compared to non-carriers. Pvalues reported by a student’s t-test. (C) sTREM2 increases according to the presence of
minor allele by cognitive diagnosis. sTREM2 measurement in pg/mL.
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Figure 4.2. CSF sTREM2 characterization across rs6591561 genotype. (A-B) sTREM2
levels were not associated with rs6591561 genotype. P-values reported by a student’s t-test.
(C) sTREM2 levels were not associated with rs6591561 genotype when stratified by
cognitive diagnosis. sTREM2 measurement in pg/mL.
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rs1582763 Minor Allele Interacts with CSF sTREM2 Levels on Select AD Biomarkers of
Neuropathology

Table 4.1 compiles interaction results (rs1582763 minor allele presence*CSF
sTREM2) from cross-sectional linear regression models across AD biomarkers of
interest. The minor allele, rs1582763_A, interacted with sTREM2 levels on select
biomarkers of AD neuropathology. As hypothesized, rs1582763_A modified the
association between sTREM2 levels and shorter Aβ species in CSF. Specifically, the
presence of rs1582763 minor allele attenuated the positive association between
increases in sTREM2 and increases in Aβx-42 as well as Aβx-40 in CSF (Figure 4.3; β=0.093, p=0.006 and β=-0.439, p = 0.017, respectively). In contrast, we observe
insignificant results with Aβ1-42 (Table 4.1; β=-0.051, p=0.101) in keeping with a lack of
main effect of CSF sTREM2 levels on this particular outcome in VMAP. Interestingly,
the positive association between CSF levels of sTREM2 and a marker of increased BBB
permeability, CSF/plasma albumin ratio, was driven by rs1582763_A carriers and
absent in non-carriers (Table 4.1 and Figure 4.3; β=0.0007, p=0.009). Finally,
interaction results revealed that rs1582763_A does not significantly modify the positive
association between sTREM2 levels and biomarkers of tau pathology in CSF (Table
4.1; t-tau, β=-0.036, p=0.108; tau181P, β=-0.004, p=0.114).
Sensitivity analysis employing models built with an additive (non-carrier=0;
heterozygote=1; homozygote=2) as opposed to binary (presence=1; absence=0)
interaction term encoding MS4A SNP minor allele genotype yielded similar results.
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Table 4.1. sTREM2 * Presence of rs1582763 Minor Allele (A<G) Interaction on CSF AD biomarkers
VMAP Outcome

β

P

-0.093

0.006*

0.0007

0.009*

Aβ

x-40

-0.439

0.017*

t-Tau

-0.036

0.108

Aβ

-0.051

0.101

-0.004

0.114

Aβ

x-42

CSF/plasma Albumin ratio

1-42

Tau

181P

Bold represents statistical significance set to a priori threshold P.fdr < 0.05
* Signifies significance after multiple corrections using the Benjamini &
Hochberg (1995) false discovery rate based on number of tests completed
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Figure 4.3. rs1582763 X sTREM2 interactions on Aβ peptides. Genetic regulation of
MS4A (presence of rs1582763_A) attenuates the associations between increased sTREM2
and increased shorter Aβ peptide in CSF including (A) Aβx-42 (pg/mL) and (B) Aβx-40 (pg/mL).

rs1582763_A carrier; non-carrier

Figure 4.4. rs1582763 X sTREM2 interaction on CSF/plasma albumin. Genetic regulation
of MS4A (presence of rs1582763_A) drives the association between increased CSF sTREM2
and increased CSF/plasma Albumin ratio (pg/mL).

rs1582763_A carrier; non-carrier
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rs6591561 Minor Allele Does Not Interact with CSF sTREM2 Levels on AD Biomarkers
of Neuropathology
In addition to a lack of association with CSF sTREM2 expression levels in VMAP,
the presence of rs6591561 minor allele did not interact with sTREM2 expression on any
biomarker of neuropathology. Table 4.2 summarizes these results including a lack of
effect on N-truncated Aβx-42 as well as Aβx-40 (Figure 4.5; β=-0.008, p=0.757 and
β=0.112, p=0.445, respectively). Similarly, interaction results for CSF/plasma albumin
ratio were insignificant (Table 4.2; β=-2.190e-4, p=0.303). Positive association between
sTREM2 levels and this BBB integrity marker holds amongst both carriers and noncarriers of rs6591561 minor allele, rs6591561_G (Figure 4.6).
Sensitivity analysis employing models built with an additive interaction term were
also insignificant.
Table 4.2. sTREM2 * Presence of rs6591561 Minor Allele (G<A) Interaction on CSF AD biomarkers

VMAP Outcome

β

P

-0.008

0.757

-2.190e-4

0.303

Aβ

x-40

0.112

0.445

t-Tau

0.011

0.545

Aβ

-0.020

0.411

0.001

0.552

Aβ

x-42

CSF/plasma Albumin ratio

1-42

Tau

181P

Statistical significance set to a priori threshold P.fdr < 0.05
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Figure 4.5. rs6591561X sTREM2 interactions on Aβ peptides. There is no significant
effect of genetic regulation of MS4A (presence of rs6591561_G) on the associations
between increased sTREM2 and increased shorter Aβ peptide in CSF including (A) Aβx-42
(pg/mL) and (B) Aβx-40 (pg/mL).

rs6591561_G carrier; non-carrier

Figure 4.6. rs6591561 X sTREM2 interaction on CSF/plasma albumin. There is no
significant effect of genetic regulation of MS4A (presence of rs6591561_G) on the
association between increased CSF sTREM2 and increased CSF/plasma Albumin ratio
(pg/mL).
rs6591561_G carrier; non-carrier
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ADNI Replication Results
Next, we sought to replicate these novel biomarker interactions in an independent
cohort. ADNI participants with available genotype, CSF sTREM2, and Aβ peptide
tandem UPLC mass spectrometry measurements were leveraged yielding a replication
cohort of N=440. Demographic characteristics of this cohort are described in Table 4.3.

Table 4.3. ADNI Cohort Demographics
Clinical Diagnosis
Characteristic

Total

Normal Cognition

Mild Cognitive

Alzheimer’s Disease

(N=138)

Impairment (N=270)

(N=32)

Male, no. (%)

72 (52)

153 (57)

20 (63)

245 (56)

Age (baseline)

74±6.03

71±7.38

76±10.26

73±7.39

Education

17±2.60

16±2.67

16±2.64

16±2.66

4108±2034.21

3933±1968.17

4900±2619.85

4058±2052.24

35 (25)

125 (46)

22 (69)

182 (41)

sTREM2 CSF
pg/mL
APOE-ε4
carriers, no. (%)

(N=440)

Values are presented as mean±standard deviation, unless otherwise indicated.

The minor allele of AD protective SNP, rs1582763, interacted with sTREM2
levels on peptide measurements of Aβ1-40 (Table 4.4 and Fig. 4.7A; β=-0.269,
p=0.017), whereby the positive association between sTREM2 and Aβ1-40 expression
was attenuated among carriers of rs1582763_A. Similarly, minor allele carriers had an
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attenuated association between sTREM2 and Aβ1-38 expression, albeit this interaction
did not reach statistical significance (Table 4.4 and Fig. 4.7B; β=-0.045, p=0.094). In
accordance with initial results using VMAP data, the presence of rs1582763_A did not
interact with sTREM2 levels on full-length Aβ1-42.

Table 4.4. sTREM2 * Presence of rs1582763 Minor Allele (A<G) Interaction on CSF AD biomarkers
in ADNI
ADNI Outcome

β

P

Aβ

-0.269

0.017*

Aβ

-0.045

0.094

Aβ

-0.027

0.396

1-40

1-38

1-42

Bold represents statistical significance set to a priori threshold P.fdr < 0.05
* Signifies significance after multiple corrections using the Benjamini &
Hochberg (1995) false discovery rate based on number of tests completed
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Figure 4.7. rs1582763 X sTREM2 interaction on Aβ peptides ADNI replication. The
minor allele of rs1582763 significantly attenuates the positive association between sTREM2
and Aβ1-40 peptide levels in CSF in ADNI (A). This attenuation is trending but non-significant
for both (B) Aβ1-38 and (C) Aβ1-42.

B
.

A
.

rs1582763_A carrier; non-carrier

C
.

In contrast to insignificant results using VMAP data for AD risk SNP rs6591561, in
ADNI, the minor allele (G) interacted with CSF sTREM2 levels on Aβ1-40 expression
whereby non-carriers of rs6591561_G had an attenuated association between sTREM2
and Aβ1-40 levels (Table 4.5 and Fig. 4.8A; β=0.223, p=0.028). Excitingly, the direction
of this effect opposes those of rs1582763_A on shorter Aβ species suggesting results
may reflect MS4A biology as opposed to being spurious. However, without significant
independent replication between the datasets in our analyses, this novel association
remains largely uninterpretable. In keeping with trends across Aβ peptide outcome
measures, Aβ1-38 and Aβ1-42 exhibited similar results in terms of direction and magnitude
with our discovery cohort (Table 4.5 and Fig. 4.8B-C; β=0.046, p=0.054 and β=0.022,
p=0.454, respectively).
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Table 4.5. sTREM2 * Presence of rs6591561 Minor Allele (G<A) Interaction on CSF AD biomarkers
in ADNI
ADNI Outcome

β

P

Aβ

0.223

0.028*

Aβ

0.046

0.054

Aβ

0.022

0.454

1-40

1-38

1-42

Bold represents statistical significance set to a priori threshold P.fdr < 0.05
* Signifies significance after multiple corrections using the Benjamini &
Hochberg (1995) false discovery rate based on number of tests completed

Figure 4.8. rs6591561 X sTREM2 interactions on Aβ peptides in ADNI. The minor allele
(G) of rs6591561 is associated with a more positive association between sTREM2 and Aβ1-40
peptide levels in CSF in ADNI (A). This effect is trending but non-significant for both (B) Aβ138 and (C) Aβ1-42.
B.

A.

rs6591561_G carrier; non-carrier

C.
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MS4A SNP Interactions with TREM2 Transcript Expression on Aβ Levels at Autopsy
Next, we asked whether MS4A SNP interactions were coupled to TREM2
transcript abundance. The main effect of TREM2 mRNA expression on Aβ
neuropathological measurements in ROS/MAP are provided in Table 4.6. Using bulk
RNA sequencing data and multiple neuropathological measurements of Aβ species
from ROS/MAP we uncover a novel interaction of rs6591561 minor allele with TREM2
mRNA abundance in the dlPFC on Aβ1-38 measured by mass spectrometry from dlPFC
tissue (Table 4.7 and Figure 4.9B; β=0.158, p=0.003).
Secondary analysis, utilizing SRM-quantified AT8 tau peptide as an outcome
measure in ROS/MAP yielded insignificant main effect and SNP interaction results. The
presence of rs6591561 minor allele predicted lower levels of TREM2 mRNA (β=-0.122,
se=0.054, p=0.024) while the minor allele of rs1582763 was not associated with TREM2
mRNA levels (β=0.055, se=0.070, p=0.430).
Table 4.6. Main Effects of TREM2 mRNA on Aβ Neuropathology

Neuropathology Outcome Measure

Estimate

P Value

Aβ1-38 (SRM)

0.0974

0.020*

Aβ (total) (SRM)

0.496

7.43e-04*

Aβ1-42 (IHC)

0.182

5.25e-05*

Silver Stained Neuritic plaque

0.088

3.77e-05*

Bold represents statistical significance set to a priori threshold
P.fdr < 0.05
* Signifies significance after multiple corrections using the
Benjamini & Hochberg (1995) false discovery rate based on
number of tests completed
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Table 4.7. MS4A SNP * TREM2 mRNA Interaction on Aβ Neuropathology

Neuropathology Outcome

rs1582763

rs6591561

Measure
Estimate

P.int.Value

Estimate

P.int.Value

Aβ1-38 (SRM)

0.108

0.200

-0.173

0.038*

Aβ (total) (SRM)

-0.143

0.629

0.043

0.883

Aβ1-42 (IHC)

-0.058

0.610

0.097

0.384

Silver Stained Neuritic

-0.031

0.546

0.036

0.473

plaque

Bold represents statistical significance set to a priori threshold P.fdr < 0.05
* Signifies significance after multiple corrections using the Benjamini & Hochberg
(1995) false discovery rate based on number of tests completed
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Figure 4.9. TREM2 X rs6591561 interaction on Aβ1-38 in ROS/ MAP. (A) TREM2 mRNA
expression is positively associated with Aβ1-38. (B) TREM2 mRNA expression association
with Aβ1-38 is driven by non-carriers of rs6591561_G minor allele.

A

B

rs6591561_G carrier; non-carrier

β=-0.173
P=0.038

SRM Aβ1-38

β=0.097
P=0.020

TREM2 mRNA dlPFC
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MS4A SNP Interactions with sTREM2 Protein Expression on Cognition
Lastly it was assessed whether MS4A-AD associated SNPs interacted with CSF
sTREM2 levels on composite measures of cognition in VMAP. These interaction models
were insignificant for the minor allele of rs6591561, whereby rs6591561_G did not
interact with sTREM2 expression on either memory or executive functioning
composites. By contrast, there was a weak interaction of sTREM2 and the presence of
rs1582763_A on the memory composite (Figure 4.10A; β=2.35e-4, se=1.14e-4,
p=0.042), while the interaction of this SNP and sTREM2 on the executive functioning
composite is in the same direction (Figure 4.10B; β=1.32e-4, se=1.05e-4, p=0.209).
Replication of this interaction of rs1582763_A on memory scores trended but did not
reach statistical significance using ADNI data (Figure 4.10C; p=0.168).
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Figure 4.10. rs1582763 X sTREM2 interactions on cognition. (A) sTREM2 protein
significantly interacts with the presence of rs1582763_A on memory but not (B) executive
functioning, although trending in the same direction. (C) In ADNI, this interaction between
sTREM2 and rs1582763_A did not replicate, albeit in A-C higher sTREM2 concentration is
associated with worse cognitive performance in non-carriers of rs1582763_A.

B

A

p.intx.=0.040

p.intx.=0.314

C

p.intx.=0.168

114

Discussion
The present analyses assessed whether MS4A AD-associated SNPs modify
previously established associations (see Chapter 3) between CSF sTREM2 levels and
AD biomarkers of diverse pathology. In summary, we find that genetic regulation at the
MS4A locus selectively modifies sTREM2 associations with markers of Aβ species and
BBB integrity but not tau. Moreover, in the brain, MS4A genetic variant rs6591561_G
modifies TREM2 transcript associations with Aβ1-38 species. Together these results
highlight several biological pathways through which these variants (rs1582763_A and
rs6591561_G) may regulate AD protection and risk. Results bolster support for the
current theory that the TREM2 pathway plays a causal role in AD pathogenesis via
inflammatory regulation of neuropathology. Importantly, a novel relationship between
sTREM2 levels in CSF and BBB integrity in carriers which is absent in non-carriers of
rs1582763_A may suggest that MS4A and TREM2 proteins regulate peripheral-central
inflammatory communication.
The association previously described in the literature between MS4A ADassociated rs1582763_A and CSF sTREM2 levels was recapitulated in the VMAP
discovery cohort while the rs6591561_G association did not replicate (Figure 4.2).
Previously described decreases in sTREM2 associated with rs6591561_G were not
observed in VMAP, we suspect, due to a much smaller sample size. As expected,
protective SNP rs1582763_A was associated with elevated levels of sTREM2 in both
VMAP and ADNI whereas rs6591561_G was associated with decreased sTREM2 only
in ADNI. This increases confidence that sTREM2 production is genetically regulated by
the MS4A locus. The relationship between genotype and sTREM2 protein abundance in
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CSF was true across cognitive diagnosis indicating genetic regulation by the MS4A
region of sTREM2 production is likely a constitutive as opposed to a disease-specific
process.
The main interaction findings from the VMAP discovery cohort demonstrate the
presence of rs1582763 minor allele modified previously established amyloid
associations including the top association signal, Aβx-40, as well as the relationship
between CSF sTREM2 and a fluid biomarker of BBB integrity (Table 4.1). Results
show that genetic regulation by MS4A rs1582763_A attenuates the positive association
between sTREM2 and Aβx-40 abundance in CSF, while also enhancing the positive
association between sTREM2 and the CSF/plasma albumin ratio (Figures 4.3-4.4).
Replication of the sTREM2*rs1582763_A interaction effect using mass spectrometry
measurement of Aβ1-40 peptide in ADNI yielded significant results (Table 4.4). Noncarriers of this allele exhibited decreased memory performance with higher CSF
sTREM2 concentration while in minor allele carriers, cognition did not correspond to
sTREM2 concentration (Figure 4.10A).
It may be the case that given directional associations with cognition and AD
protection rs1582763_A decouples sTREM2 from an otherwise pathological process
involving soluble Aβ abundance. For example, soluble, low-molecular weight Aβ
oligomers may contribute to synapse loss preceding neuronal death 196. Aβ peptides are
composed of 36-43 amino acids and are the various cleavage products of their
transmembrane parent amyloid precursor protein (APP). While full-length Aβ1-42
displays rapid oligomerization and toxicity through the formation of insoluble fibrils 197,
there are a number of studies showing neurotoxic effects of shorter Aβ peptide
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sequences (i.e., 1-38, 1-40, N-truncated) impacting synapse function and cognition in
mice198-200. And notably, Aβ1-38 truncated at its C-terminal moiety, was identified as the
second most abundant form after Aβ1-40198 which makes up about 60% of Aβ species
present in CSF201. These shorter and truncated forms of Aβ are understudied and their
roles in AD are likely dynamic. In fact, some argue beneficial roles for Aβ1-40, also Aβ138,

in slowing the aggregation of Aβ1-42202. Therefore, genetic regulation of the MS4A

locus modulates the relationship between sTREM2 levels and the most abundant Aβ
species in CSF whereas in rs6591561_G carriers, sTREM2 levels are tightly coupled to
soluble Aβ while in rs1582763_A carriers, sTREM2 levels decouple from soluble Aβ
which may reflect a protective neuroinflammatory response to pathology.
We could expand on this hypothesis by adding that the positive relationship
between sTREM2 and increased BBB permeability in carriers, but not non-carriers of
AD-protective rs1582763_A may be important for a neuroinflammatory response to
early changes in Aβ dysregulation which involves peripheral-central communication.
The lack of sTREM2 coupling to the CSF/plasma albumin ratio in non-carriers may
therefore reflect a failure to mount a proper neuroinflammatory response to early
changes in the neuropathological landscape. This is supported by evidence showing
CSF sTREM2 levels are normalized during neuroinflammation by natalizumab treatment
which targets and reduces leukocyte trafficking across the BBB in patients with multiple
sclerosis192. However, in AD, early neuroinflammation (and microglial response) may be
beneficial to resolving neuropathology. Therefore, it is possible that in early stages of Aβ
development that peripheral immune involvement may help augment sTREM2 levels in
brain or vice versa. sTREM2 has been thought to diffuse to some extent through blood
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vessels reaching the brain parenchyma203. However, peripheral immune cells also
express TREM2 and may contribute to the CSF reservoir of sTREM2 concentration. For
example, infiltrating T cells also express TREM2 receptor which is attuned to their
activation and helps modulate their inflammatory signaling but may also undergo
proteolytic cleavage in the brain204.
Alternatively, the coupling of increased CSF sTREM2 and CSF/plasma albumin
ratio may be indicative of increased permeability of the choroid plexus (blood-CSF
barrier) to solutes which is known to occur in AD205, and subsequently, the increased
accumulation of sTREM2 in CSF which had originated in plasma having been cleaved
in peripheral tissues. Regardless of the origin of increases in CSF sTREM2, this positive
association between CSF sTREM2 and the CSF/plasma albumin ratio occurs
selectively in rs1582763_A carriers begging the question and extent of MS4A protein
involvement in the BBB and or blood-CSF barrier regulation. The lack of CSF/plasma
albumin measurement in ADNI precluded independent replication of this interaction
result. Nonetheless, this intersection between barrier integrity, MS4A, and TREM2
proteins remains an uncharted topic which may shed light on early pathophysiological
changes in AD and give rise to novel microglial/immunomodulatory therapeutic targets.
However, there was no evidence of rs1582763 genotype significantly interacting
with sTREM2 levels on biomarkers of tau pathology. This observation suggests that
genetic increases in sTREM2 levels through rs1582763 near MS4A4A likely involves
amyloid and BBB regulation but leaves out the very robust and consistent associations
we see of CSF sTREM2 and t-tau and p-tau. This is interesting considering increases in
CSF sTREM2 have historically been thought to represent microglial response to
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neurodegeneration and yet genetic regulation by MS4A-AD associated SNPs did not
modify this relationship in our analyses underscoring the importance of trait and
environmental factors in the context of innate immunity.
In keeping with the established role of rs1582763_A, and rs6591561_G in AD
protection and risk, respectively, it was investigated whether or not these SNP modified
the positive relationship between CSF sTREM2 levels and memory in VMAP. This has
also been recapitulated in the literature previously170 as increases in baseline sTREM2
levels are generally thought to improve clinical outcomes in AD as well as cognitive
outcomes in AD mouse models. The presence of rs1582763_A interacted with CSF
sTREM2 levels on memory composite scores in VMAP (Figure 4.10A; β=2.35e-4,
se=1.14e-4, p=0.042) whereby in non-carriers of this allele, higher sTREM2
concentration was associated with poorer memory performance. This result provides
further evidence that this AD protective SNP may decouple sTREM2 expression from
an otherwise pathological process important for clinical trajectory, implicating a novel
association between this MS4A SNP and an early-affected cognitive outcome measure
in preclinical AD progression. Although, it should be noted that this interaction trended
but did not significantly replicate in the larger ADNI cohort (Figure 4.10C) or extend to a
composite measure of executive functioning in VMAP (Figure 4.10B), therefore this
result should be interpreted cautiously.
Interestingly, rs6591561_G interacted with TREM2 transcript on Aβ1-38 peptide
levels measured using mass spectrometry and ROS/MAP dlPFC autopsy data (Table
4.7 and Figure 4.9). Furthermore, there is also a lack of interaction with tau peptide
here that parallels the findings above from biomarker analyses. This particular finding
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highlights a more generalized relationship between MS4A and the TREM2 pathway
beyond it’s known regulation of sTREM2 levels in CSF. Specifically, rs6591561 minor
allele related to lower levels of TREM2 mRNA at autopsy and the relationship between
increases in TREM2 mRNA and increases in Aβ1-38 peptide were driven by noncarriers, suggesting this AD risk SNP may impair a potential TREM2 transcriptional
response to Aβ pathology. However, this finding necessitates replication in an
independent cohort with available post-mortem data.
There are several strengths to this chapter, including the utilization of multiple
independent cohorts of aging and Alzheimer’s disease yielding large sample sizes and
utilization of several highly sensitive methods of proteomic analysis. Independent
replication of interactions using ADNI data increased confidence in these results.
However, each cohort is mostly Non-Hispanic, White, and represents little genetic
diversity making it hard to generalize findings to more diverse populations. This is
especially pertinent given the recent finding206 that on average African Americans,
compared to Non-Hispanic White individuals, have lower levels of CSF sTREM2 which
has been attributed to their increased likelihood of carrying TREM2 coding variants
associated with decreased levels of sTREM2 and their lowered likelihood of carrying
MS4A AD-associated rs1582763_A which we and others have demonstrated is
associated with increased sTREM2.
In summary, using VMAP as a discovery cohort, we find evidence that genetic
regulation at the MS4A locus may confer protection against AD at least in part via
augmentation of the TREM2 pathway, possibly increases in sTREM2 CSF reservoir in
response to soluble Aβ pathology, replicating results in an independent dataset (N=440)
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in ADNI. We also find evidence that this regulation may confer AD risk via a proposed
dampening of TREM2 transcriptional response to Aβ using available autopsy data in
ROS/MAP.
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CHAPTER 5
SUMMARY AND FUTURE DIRECTIONS

Alzheimer’s disease (AD) is a devastating neurodegenerative disease and a
leading cause of death in the U.S. without an efficacious treatment to slow or stop
disease progression, including cognitive decline. Triggering receptor expressed on
myeloid cells-2 (TREM2) is modulator of neuroinflammation and a nominated
therapeutic target for AD. Expression of TREM2 and its soluble fragment (sTREM2) in
AD model mice has shown to protect against cognitive deficit and Aβ plaque formation.
Despite this, the exact roles for TREM2 machinery in the development and progression
of AD are unknown. Particularly with respect to the various collection of neuropathology
that contribute to cognitive decline beyond parenchymal plaque.
This in-depth characterization of TREM2 mRNA and sTREM2 protein expression
associations with diverse and concomitant neuropathology sought to reveal important
and novel relationships of the TREM2 pathway with additional drivers of
neuroinflammation including cerebrovascular injury. Additionally, genetic regulation of
CSF sTREM2 levels within the MS4A gene locus was examined with respect to
plausible interactions between SNPs in this region and sTREM2 concentrations on
diverse CSF biomarkers of AD neuropathology including a fluid biomarker of BBB
integrity. Similarly, interactions between MS4A SNPs and TREM2 mRNA levels were
assessed with respect to post-mortem measurements of AD neuropathology. These
analyses helped to answer questions such as what TREM2 and sTREM2 expression
represent in brain and CSF, respectively. Also, they paint a more comprehensive picture
as to which biological pathways co-occur with elevations in these proteins in AD
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expanding the scope of interest on small vessel disease pathology and cerebrovascular
integrity and function. Finally, MS4A SNP interaction analyses shed light onto relevant
biological pathways where MS4A and TREM2 proteins may interact to regulate the AD
neuropathological landscape and thus modulate pathophysiological progression of the
disease.
The autopsy approach portion of this dissertation utilized an unprecedented
sample size (N=908) of regional post-mortem TREM2 bulk transcript expression data
from the Religious Orders Study and the Rush Memory and Aging Project (ROS/MAP).
To our knowledge, this was the largest and most comprehensive examination of TREM2
gene expression associations in brain to date. As expected, TREM2 levels, irrespective
of subregion, correlated to the microglial cell-type fraction above other cellular fractions
examined. TREM2 mRNA in the dorsolateral prefrontal cortex (dlPFC) and the posterior
cingulate cortex (PCC) was significantly greater in individuals diagnosed with AD
compared to controls. Additionally, in these cortical regions, TREM2 mRNA was
robustly related to amyloid and weakly related to tau neuropathology. And these
associations with classical AD neuropathology, particularly Aβ, seemed to drive weak
associations of TREM2 levels and retrospective longitudinal global cognition scores.
These initial results suggest that we are picking up on a late-life TREM2 transcriptional
response to the accumulation of Aβ plaque in brain. Cross-sectional results examining
TREM2 mRNA levels and global cognition scores did not reveal a significant association
between TREM2 and cognition. Perhaps the most intriguing finding in this first analytical
chapter outlines potential disparate roles for TREM2 expression and function in cortical
versus caudal brain regions. Results from regression models using TREM2 mRNA
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measured from the head of the caudate nucleus (CN) did not reveal significant
associations with AD diagnosis, cognitive functioning, or classical AD neuropathology.
Instead, higher CN TREM2 levels related to increased arteriosclerosis severity in the
basal ganglia as well as the proportion of activated microglial density (PAM) in the
ventral medial caudate. Notably, cortical TREM2 levels were not related to microglial
density measures cis- or trans-regionally. Despite hypothesizing that TREM2 levels
would reflect increased PAM in cortical regions, this was not the case. And we
speculate that this may be due to an un-coupling of TREM2 mRNA expression levels
with functional microglial activation at this later time point.
This work supports the hypothesis that cortical TREM2 upregulation in late life
reflects a compensatory response to amyloid progression. Indeed, TREM2 mRNA was
significantly greater in AD vs. control in the prefrontal cortex, a region with robust
connections to early affected posterior structures, including the temporal lobe and limbic
regions207, 208. However, results also indicate that this pathway may become
overwhelmed and decoupled from its basal homeostatic regulatory functions in
microglia, specifically their activation. This is in accordance with the fact increased
transcription of TREM2 mRNA followed disease progression instead of being
associated with cognitive or neuropathological protection. Therefore, it is possible that
TREM2 is beneficial early-on to the initial deposition of amyloid but as disease
progresses, increases in late-life transcription of TREM2 reflect a failure of microglia to
properly respond to the accumulation of neuropathology in the cortex.
Next, a biomarker approach utilizing our in-house cohort of VMAP participants
enabled comparison of CSF sTREM2 protein expression with cerebrovascular as well
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as additional AD biomarkers of neuropathology and inflammation. These analyses
allowed for further investigation into elevations of sTREM2, archetypal in early MCI-AD
converters.
Surprisingly, one of the main findings from main effects analyses defining the
biological correlates of elevated CSF sTREM2 demonstrates that sTREM2 is, indeed,
very tightly coupled to Aβ peptide levels, although not in a manner that was necessarily
suspected; while increases in sTREM2 robustly related to increases in other CSF
biomarkers neurodegeneration, particularly, p-tau181, unexpectedly, the top association
signal was that of higher CSF Aβx-40. This novel association was replicated in the larger
independent ADNI cohort using full-length Aβ1-40 (N=727). While elevation of sTREM2 in
VMAP significantly associated with Aβx-40, there was an absence of association with fulllength Aβ1-42, and the Aβ1-42/ Aβ1-40 ratio – both indicators of Aβ plaque abundance in
brain. This implies the relationship between high sTREM2 and shorter and N-truncated
species (i.e., Aβ1-40, Aβx-40, Aβx-42, and Aβ1-38) likely does not reflect Aβ burden in brain.
Additionally, increases of a fluid biomarker of blood-brain barrier integrity (the
CSF/plasma albumin ratio) significantly related to increases in sTREM2 bolstering
evidence for a role of the TREM2 pathway in early neuroinflammation and BBB integrity.
Together, one sees changes in CSF sTREM2 levels correspond to changes in other
CSF biomarkers of neurodegeneration, BBB integrity, and most significantly, shorter Aβ
peptides.
Hierarchical linear regression demonstrated independent contributions to and
diverse biological correlates of sTREM2 variance. First, a base model including age,
sex, education, and cognitive diagnosis explained 11.8% of variance in sTREM2 protein
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measurement in VMAP. In competitive models, p-tau181, Aβx-40, and the CSF/plasma
albumin ratio independently explained 17.7%, 21.2%, and 21.2% of variance in
sTREM2 levels, respectively. Jointly, all three biological correlates explained a
significant 36% of variance while the inclusion of all three biological correlates and the
base model covariates explained nearly half (48%) of variance in sTREM2 expression.
Interestingly, post-hoc interaction models revealed these observations were present
regardless of tau status.
Linear mixed-effects models investigated sTREM2 associations with future
cognitive performance. Increases in baseline sTREM2 significantly predicted a
favorable longitudinal memory performance in VMAP, consistent with other reports.
However, sTREM2 levels did not significantly predict changes in longitudinal executive
functioning, suggesting regional specificity of this biomarker to functional areas affected
early-on in the process of AD-related cognitive decline (i.e., hippocampal memory).
When accounting for residual variance due to other biological correlates, sTREM2
remained predictive of memory performance with the exception of when the model was
adjusted for Aβx-40 values. Importantly, this suggests that sTREM2 expression which is
related to Aβ species abundance in CSF may be relevant to cognitive trajectory.
Therefore, this relationship may have notable clinical relevance in the early stages of
cognitive decline. Additionally, we posit that the sTREM2/p-tau ratio may relate to
cognitive outcomes due to a decoupling of sTREM2 and tau as AD progresses. In
contrast to tau, Aβx-40 explained a larger percentage of sTREM2 variance, and this
association did not differ by cognitive diagnosis. In summary, sTREM2 expression is
deconvolved in CSF from a subset of participants in VMAP and a surprisingly large
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percentage of variance in sTREM2 levels may be explained by just three biomarkers.
While it has been hypothesized sTREM2 production may be a response to the onset of
neurodegeneration, functional relationships between TREM2 proteins and NVU
components such as the BBB, as well as regulation of soluble Aβ abundance remain
almost completely unexplored. This is despite the fact this present analysis draws
connections between these pathways and clinically relevant outcome measures.
To better understand the influence of genetic regulation of sTREM2 levels in CSF,
MS4A SNPs were investigated with respect to potential modulation of the above
associations between sTREM2 and AD biomarkers in VMAP. As found previously,
MS4A SNPs, rs1582763 and rs6591561 are associated (in opposing directions) with AD
risk modulation and constitutive levels of CSF sTREM2. In line with this finding,
individuals in VMAP carrying the minor allele (A<G) of rs1582763 had higher
concentrations of sTREM2 in CSF as compared to non-carriers, and this was dose
dependent. However, previously demonstrated decreases in sTREM2 in rs6591561
minor allele (G<A) carriers was not observed in this cohort, most likely due to a
significantly smaller sample size and differences in clinical characterization between
VMAP and the ADNI subsample used by Deming et. al. The rs6591561 minor allele did
not interact with sTREM2 expression on any of the AD biomarker outcomes, in part, we
suspect due to the lack of main effect between sTREM2 levels and SNP genotype
status. Therefore, we focused the following analyses on rs1582763. The minor allele of
rs1582763 did, in fact, interact with sTREM2 on select AD biomarkers of
neuropathology including attenuation of the association between sTREM2 with shorter
Aβ peptides including Aβx-40. This interaction effect was replicated in the larger ADNI
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cohort using mass spectrometry. Additionally, there was a significant interaction
between this minor allele and sTREM2 on the CSF/plasma albumin ratio and stratified
models revealed that carriers are driving the association whereas it is absent in noncarriers of the rs1582763_A allele. In contrast, rs1582763_A did not interact with
sTREM2 on tau outcomes. These findings suggest that genetic regulation by the MS4A
locus modifies the relationships between microglial activation, and BBB integrity, as well
as levels of soluble Aβ species. Yet there was a lack of evidence that MS4A and
TREM2 pathways interact on tau neuropathology in aging or AD.
Lastly, these two MS4A tool SNPs were investigated with respect to interactions
with TREM2 transcript abundance on Aβ neuropathology outcome measures including
selected reaction monitoring (SRM) tandem mass spectrometry of total Aβ and Aβ1-38,
as well as immunohistochemistry of Aβ1-42 and silver-stained neuritic plaques. TREM2
mRNA expression was positively associated across the board with amyloid outcomes in
main effects models. Interestingly, in keeping with the lack of main effects surrounding
sTREM2 and correlates of parenchymal plaque, there were no significant interactions of
MS4A SNPs on total Aβ, full-length Aβ1-42, or silver staining of parenchymal plaque.
However, there was a significant interaction between the minor allele of rs6591561 and
TREM2 mRNA abundance on SRM quantification of Aβ1-38 whereas this association is
stronger in non-carriers than carriers of this AD risk allele. This was accompanied by a
similar trending interaction between TREM2 mRNA abundance and rs1582763_A in the
opposite direction on Aβ1-38 levels. These final analyses bolster evidence supporting the
hypothesis that MS4A proteins regulate the TREM2 pathway with respect to both
TREM2 transcription and sTREM2 production and that the relationship between MS4A
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and TREM2 proteins may have implications on downstream AD neuropathology,
including amyloid and BBB alterations.
Results from brain and CSF reveal a somewhat unexpected insight into TREM2’s
relationship with tau. Whereases using post-mortem quantification of TREM2 mRNA,
there was a lack of robust association with tau neuropathology indicating transcription of
TREM2 is more closely coupled to amyloid processes. Additionally, although CSF
sTREM2 associations with tau biomarkers were quite strong, these associations did not
drive the relationship between sTREM2 levels and cognition (as did Aβx-40 species) or
contribute to the majority of variance in sTREM2 levels. In fact, sTREM2 levels
decoupled from tau biomarkers in CSF as disease progressed using both VMAP and
ADNI data. Variant level analyses also stressed a lack of evidence for tau in TREM2mediated contributions to AD. Specifically, the intersection of MS4A and TREM2 seems
to converge, rather, with amyloid and increased blood-brain barrier permeability. This
suggests that TREM2 associations with tau may be a consequence rather than cause of
AD progression, while underscoring TREM2’s relationship to earlier pathological events
such as increases in soluble Aβ species.
In addition to insights into the relationship between TREM2 proteins and tau,
analyses bring forth a deeper understanding of how the TREM2 pathway relates to
clinical outcome measures in aging and AD. TREM2 isoforms were established as a
predictors of cognitive functioning; importantly this connection between TREM2 and
sTREM2 upregulation and cognitive outcomes are amyloid-dependent as opposed to
tau-dependent suggesting dysregulation microglial TREM2 function in disease occurs
primarily due to amyloidosis. Furthermore, a novel relationship discovered between
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sTREM2 and soluble Aβ species highlighted herein reveals an earlier biological
relationship between TREM2 and amyloid which may be amenable to therapeutic
intervention during the prodromal period of AD.
Additionally, we provide novel evidence that the MS4A locus may modify or respond
to levels of these shorter Aβ isoforms in conjunction with the TREM2 pathway.
Additional functional studies, clarifying the mechanism which links MS4A4A and
MS4A6A proteins to the regulation of sTREM2 production are needed to provide context
to the results herein. Specifically, as to why we see interactions of MS4A variants with
both sTREM2 and TREM2 mRNA abundance. Up to this report, it was largely untested
how MS4A SNPs might confer AD protection and risk apart from Deming et, at, showing
their directional associations with CSF sTREM2 and co-localization with TREM2 protein
in macrophage membranes. We add to this, finding that MS4A and TREM2 proteins
may interact to regulate early AD neuropathology (soluble Aβ abundance and BBB
integrity) as opposed to later AD neuropathology (neuritic plaque abundance, p-tau, and
neurofibrillary tangles) and this relationship may involve complex interplay between
central and peripheral immune compartments.
To our knowledge, for the first time, an in-depth look at baseline CSF sTREM2
associations with neuroimaging measures of cerebrovascular structure and function
was carried out. This provided a lack of support for sTREM2 involvement in global
measures of cerebrovascular injury beyond alterations in BBB integrity as indicated by
the robust relationship between sTREM2 and a fluid biomarker of BBB integrity. Despite
these negative results, future longitudinal measurement of sTREM2 may provide a
clearer picture of NVU dynamics over the course of disease, including those of BBB and
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arteriolosclerosis. Furthermore, regional measurements of cerebrovascular
neuropathology may help inform future TREM2 studies as microglial activation and
pathway associations with select neuropathology as evidence by this report are
regionally specific.
We hypothesize that with accompanying glial activation at the onset of
neurodegeneration, sTREM2 abundance, together with increases in shorter Aβ
peptides, likely reflects an increase in synaptic activity thus dynamic regulation of free
and abundant Aβ species in ISF/CSF. Despite the lack of nuanced understanding
surrounding the heterogeneity of Aβ pools in brain, synapse dysfunction is now wellcharacterized as an early event in AD resultant of neuronal hyperactivity, and Aβ is
indeed intricately tight to this by multiple mechanisms172-174, 196. For example,
hippocampal hyperactivity as detected by fMRI has been observed during memory
tasks in individuals with MCI209-211 as well as presymptomatic individuals carrying the
APOE-ε4 allele212-214. In fact, oligomeric Aβ are regarded as the most pathogenic form
as opposed to monomers or plaques as they are thought to instigate neuronal damage,
fluctuate in accordance with neuronal hyperactivity, and have been shown to precede
plaque development3. One theory is that Aβ plaques create reservoirs of Aβ oligomers
which help to sustain and exacerbate synaptic and neuronal loss215. Human Aβ1-40
monomers and dimers applied to cultured hippocampal neurons and in hippocampal
slices induced release of synaptic vesicles and subsequent hyperactivity of excitatory
synapses216. Along these lines, soluble Aβ is thought to disturb glutamate/GABA
homeostasis by a number of different mechanisms197. It is possible that during this shift
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towards hyperexcitability of neurons, that TREM2 is cleaved and increases in sTREM2
become detectable in CSF.
The selectivity of results throughout analyses for shorter Aβ peptide species,
namely Aβ40 and Aβ1-38 but not full-length Aβ1-42, suggests we may be picking up on a
biological signal that is not specific to Aβ plaque abundance, but rather soluble more
abundant forms in CSF. If CSF sTREM2 were to be found to respond to increases in Aβ
secretion or neuronal hyperactivity, this may help explain the lack of functional
connection between sTREM2 and tau proteins in the literature, whereby the relationship
of sTREM2 to neurons reflects early-stage synapse loss as opposed to the structural
progression of tau and neurofibrillary tangles themselves. Adding to this, sTREM2
tracks closely with biomarkers of neurodegeneration in CSF, however, this relationship
decouples with disease progression (see Chapter 3 Figure 3.4 and Supplemental
Figure 3.6), further suggesting that sTREM2 may reflect early stages of neuronal
degeneration, which include synapse loss, signaling imbalances, increases in local
soluble Aβ peptides, and secreted forms of tau. In contrast we found that the
relationship between sTREM2 and Aβx-40 does not change with disease progression
(see Chapter 3 Figure 3.5) and is genetically regulated by MS4A AD-associated SNPs
suggesting these biological pathways (soluble Aβ homeostasis and sTREM2-associated
microglial activation) intersect to modulate AD risk. It is indeed a fascinating theory that
CSF sTREM2 levels respond to levels of soluble Aβ1-40 and its N-truncated forms
regardless of cognitive status, particularly given recent findings in ADNI highlight subtle
age-independent increases in CSF Aβ1-40 in AD (this was historically contested in earlier
studies with smaller sample sizes) while a robust positive correlation between this
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peptide and p-tau181 was highlighted in AD and was more pronounced in cognitively
normal individuals, suggesting Aβ1-40 may play a role in development of disease217.
The overarching hypothesis taken from these analyses is that elevation of CSF
sTREM2 marks the intersection between microglial activation and neuroinflammation,
the onset of neurodegeneration, and increases in soluble Aβ species - possibly due to
neuronal hyperexcitability. All of these may contribute and or respond in some degree to
concomitant BBB permeability. Therefore, future sTREM2 analyses in animal models
should prioritize expanding current knowledge of sTREM2 function with respect to
alterations of the NVU including glial-neuronal communication. One significant gap in
understanding remains the potential contribution of BBB permeability to sTREM2 levels
in brain. Future work is needed to determine whether sTREM2 elevations in CSF are in
fact dependent to some extent on peripheral-central immune and inflammatory
crosstalk. Quantification of early changes in Aβ kinetics in relationship to microglial
activation and sTREM2 cleavage may be another important avenue to elucidating the
therapeutic relevance of sTREM2 as a target for AD.
In summary, TREM2 appears to be directly related to Aβ species abundance, this
relationship is relevant to cognition, and is modulated by known AD variants in the
MS4A locus. The role of the TREM2 pathway in abundance of soluble Aβ species may
be causally contributing to AD pathogenesis and a fundamental component of the
TREM2 relationship to AD. TREM2 additionally showed a strong and understudied
association with blood-brain barrier permeability and this association was also
modulated by a known protective AD variant in the MS4A locus. Finally, TREM2
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associations with tau may be robust in CSF, however, the relationship of the TREM2
pathway with tau may be primarily a consequence of AD progression.
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APPENDIX

Supplemental Tables

Supplemental Table 3.1 Commercially Available Assay Information
CSF Analyte

Assay Kit Name

Company

Catalogue Number

Aβx-40

MSD® Aβ Triplex Assay

Meso Scale Discovery, Rockville, MD

K15148

Aβx-42

MSD® Aβ Triplex Assay

Meso Scale Discovery, Rockville, MD

K15148

Aβ1-42

INNOTEST® β-Amyloid (1-42)

Fujirebio, Ghent, Belgium

81583

p-tau181

INNOTEST® PHOSPHO-Tau (181P)

Fujirebio, Ghent, Belgium

81581

t-tau

INNOTEST® hTau Ag

Fujirebio, Ghent, Belgium

81579

NfL

NF-light™ ELISA RUO

UmanDiagnostics, Umeå, Sweden

10-7002 RUO

Beckman Coulter, Brea, CA

447600

albumin†

† CSF

IMMAGE®
Immunochemistry System

and plasma albumin measurements were determined from the same kit.
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Supplemental Table 3.2 ADNI Cohort Demographics
Clinical Diagnosis
Characteristic

Normal
Cognition

Mild Cognitive
Impairment

Alzheimer’s

Total

Dementia

(N=727)

(N=229)

(N=381)

(N=117)

Male, no. (%)

122 (48)

217(57)

71(61)

400(55)

Age (baseline)

73±6.13

71±7.34

74±8.58

72±7.30

Education(yrs.)

17±2.51

16±2.66

16±2.62

16±2.63

3940±1979.11

3894±2075.57

4039±2145.60

3932±2055.03

64(28)

194(51)

77(66)

335(46)

sTREM2 CSF
pg/mL
APOE-ε4
carriers, no. (%)

Values are presented as mean±standard deviation, unless otherwise indicated.
93% participants are White; less than 1% reported as more than one or unknown racial
category
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Supplemental Table 3.3 Baseline CSF Biomarker Interactions on sTREM2
CSF Biomarker Interactions on sTREM2
APOE-ε4 carrier status

Sex

MCI diagnosis

Biomarker
β

P

P.fdr

β

P

P.fdr

β

P

P.fdr

Aβx-40

0.051

0.781

0.781

-0.158

0.329

0.768

-0.140

0.368

0.676

p-tau181

-28.272

0.006

0.021

-20.211

0.045

0.158

-22.242

0.033

0.116

-118.316

0.289

0.506

77.000

0.589

0.981

-55.097

0.627

0.732

t-tau

-3.698

0.002

0.014

-2.852

0.015

0.105

-4.057

0.003

0.021

NfL

-1.006

0.072

0.168

-0.171

0.749

0.981

-0.466

0.386

0.676

Aβx-42

1.031

0.517

0.693

-0.170

0.981

0.981

0.024

0.998

0.998

Aβ1-42

0.804

0.594

0.693

-0.135

0.917

0.981

0.601

0.611

0.732

CSF/plasma
Albumin ratio

Bold represents statistical significance set to a priori threshold P/P.fdr < 0.05 (Benjamini & Hochberg 1995).
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Supplemental Table 3.4 Sensitivity Analysis: Main Effects of AD Biomarkers on
Baseline CSF sTREM2 Measurement Adjusted for CSF Collection Date
Original Results

Sensitivity Results

Biomarker
β

SE

DF

P

β

SE

DF

P

Aβx-40

0.490

0.076

149

1.532e-09*

0.446

0.074

148

1.331e-8*

P-tau181

30.513

5.126

149

1.818e-08*

28.473

0.005

148

3.948e-8*

327.552

59.077

145

1.355e-07*

286.021

0.584

144

2.606e-6*

T-tau

3.146

0.604

149

6.137e-07*

2.919

0.578

148

1.277e-6*

Nfl

0.969

0.263

144

3.185e-04*

0.792

0.257

143

2.503e-3*

Aβx-42

1.448

0.536

149

7.728e-03*

1.445

0.507

148

4.953e-3*

Aβ1-42

0.678

0.599

149

2.599e-01

0.619

0.569

148

2.790e-1

CSF/plasma
albumin ratio

Models included an additional covariate, CSF collection date, to adjust for potential storage/degradation effects
(i.e., sTREM2 ~ AD Biomarker + age + sex + education + cognitive diagnosis + CSF collection date). Statistical
results from the sensitivity analysis are colored green. Bold represents statistical significance set to a priori
threshold P<0.05. An asterisk indicates survival for multiple comparisons by FDR correction across each primary
model (Benjamini & Hochberg 1995).
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Supplementary Table 3.5 Competitive Hierarchical Linear Regression Results
Adjusted for CSF Collection Date

Original Results
Model

Sensitivity Results

Formula
DF

AIC

BIC

R2

Adjusted R2

∆R2

DF

AIC

BIC

R2

Adjusted R2

∆R2

150

2778

2798

0.118

0.089

N/A

149

2762

2786

0.211

0.180

N/A

149

2747

2770

0.288

0.259

0.169

148

2733

2759

0.357

0.327

0.146

148

2738

2765

0.333

0.302

0.046

147

2727

2756

0.390

0.357

0.033

143

2636

2664

0.481

0.452

0.148

142

2631

2662

0.504

0.473

0.114

CSF sTREM2
~ age + sex +
base

education +
cognitive
diagnosis
CSF sTREM2

1

~ base
covariates + ptau181
CSF sTREM2

2

~ base
covariates + ptau181 + Aβx-40
CSF sTREM2
~ base

3

covariates + ptau181 + Aβx-40 +
CSF/plasma
Albumin ratio

Statistical results from the sensitivity analysis are colored green. Sensitivity models included an additional covariate, CSF collection date, to
adjust for potential storage/degradation effects. ∆R2 = change in R2 from previous nested model. Akaike information criterion (AIC) and
Bayesian information criterion (BIC) calculations derived as follows: AIC = 2K – 2ln(L); where K = number of model parameters, and ln(L) =
model log-likelihood. BIC = (RSS+log(n)dσ̂ 2) / n; where RSS = residual sum of squares, n = total observations, d = number of predictors, and σ̂
= estimate of variance of the error associated with each response measurement.
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Supplemental Table 3.6. Main Effects of Baseline CSF Biomarkers on sTREM2
Measurement with Updated MCI Criteria
Original Results

Sensitivity Results

Biomarker
β

SE

DF

P

β

SE

DF

P

Aβx-40

0.490

0.076

149

1.532e-09*

0.495

0.078

136

2.917e-09*

p-tau181

30.513

5.126

149

1.818e-08*

30.734

5.450

136

9.306e-08*

327.552

59.077

145

1.355e-07*

332.156

60.641

132

2.105e-07*

t-tau

3.146

0.604

149

6.137e-07*

3.278

0.649

136

1.394e-06*

NfL

0.969

0.263

144

3.185e-04*

1.121

0.284

131

1.284e-04*

Aβx-42

1.448

0.536

149

7.728e-03*

1.627

0.553

136

3.867e-03*

Aβ1-42

0.678

0.599

149

2.599e-01

0.870

0.634

136

1.721e-01

CSF/plasma
albumin ratio

To more accurately reflect ADNI MCI criteria, 8 individuals with MCI and a CDR score of 0 were removed. Additionally, 5 individuals with
MCI and a Montreal Cognitive Assessment (MoCA) score of 17 or below were removed yielding a sample size for this sensitivity analysis
of 142 individuals (originally 155). Statistical results from the sensitivity analysis are colored green. Bold represents statistical significance
set to a priori threshold P<0.05. An asterisk indicates survival for multiple comparisons by FDR correction across each primary model
(Benjamini & Hochberg 1995). Significance value (P), degrees of freedom (DF), standard error (SE) and estimate of coefficient (β)
represented for each model.
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Supplemental Table 3.7 Baseline CSF Biomarker Interactions on sTREM2 with
Updated MCI Criteria
CSF Biomarker Interactions on sTREM2
APOE-ε4 carrier status
Biomarker

Original Results

Sensitivity Results

β

P

P.fdr

β

P

P.fdr

Aβx-40

0.051

0.781

0.781

0.038

0.835

0.835

p-tau181

-28.272

0.006

0.021

-30.121

0.005

0.018

CSF/plasma Albumin ratio

-118.316

0.289

0.506

-117.334

0.313

0.548

t-tau

-3.698

0.002

0.014

-4.398

0.0004

0.003

NfL

-1.006

0.072

0.168

-0.798

0.308

0.548

Aβx-42

1.031

0.517

0.693

0.983

0.545

0.760

Aβ1-42

0.804

0.594

0.693

0.701

0.652

0.760

Biomarker

Sex

Aβx-40

-0.158

0.329

0.768

-0.141

0.401

0.865

p-tau181

-20.211

0.045

0.158

-18.569

0.086

0.302

CSF/plasma Albumin ratio

77.000

0.589

0.981

72.855

0.618

0.865

t-tau

-2.852

0.015

0.105

-2.527

0.047

0.302

NfL

-0.171

0.749

0.981

-0.368

0.513

0.865

Aβx-42

-0.170

0.981

0.981

-0.081

0.950

0.969

Aβ1-42

-0.135

0.917

0.981

-0.053

0.969

0.969

Biomarker

MCI diagnosis

Aβx-40

-0.140

0.368

0.676

-0.146

0.370

0.717

p-tau181

-22.242

0.033

0.116

-23.629

0.031

0.108

CSF/plasma Albumin ratio

-55.097

0.627

0.732

-59.303

0.615

0.717

t-tau

-4.057

0.003

0.021

-4.186

0.002

0.011

NfL

-0.466

0.386

0.676

-0.332

0.555

0.717

Aβx-42

0.024

0.998

0.998

0.330

0.764

0.764

Aβ1-42

0.601

0.611

0.732

0.100

0.424

0.717

Statistical results from the sensitivity analysis are colored green. To more accurately reflect ADNI MCI criteria, 8 individuals with MCI and a CDR
score of 0 were removed. Additionally, 5 individuals with MCI and a Montreal Cognitive Assessment (MoCA) score of 17 or below were removed
141 155). Bold represents statistical significance set to a priori threshold
yielding a sample size for this sensitivity analysis of 142 individuals (originally
P/P.fdr < 0.05 (Benjamini & Hochberg 1995).

Supplemental Table 3.8 Main Effects of Baseline CSF Biomarkers on sTREM2
Measurement After Outlier Removal
Original Results

Sensitivity Results

Biomarker
β

SE

DF

P

β

SE

DF

P

30.513

5.126

149

1.818e-08*

33.652

5.356

148

3.511e-09*

327.552

59.077

145

1.355e-07* 350.849

64.043

144

1.865e-07*

t-tau

3.146

0.604

149

6.137e-07*

3.767

0.654

148

4.762e-08*

NfL

0.969

0.263

144

3.185e-04*

1.360

0.349

141

1.514e-04*

p-tau181
CSF/plasma
albumin ratio

Statistical results from the sensitivity analysis removing statistical and visual outliers (N=6 total; 1 t-tau, 1 CSF/plasma albumin,
3 Nfl, and one visual p-tau181 outliers) are colored green. Bold represents statistical significance set to a priori threshold P<0.05.
An asterisk indicates survival for multiple comparisons by FDR correction across each primary model (Benjamini & Hochberg
1995). Significance value (P), degrees of freedom (DF), standard error (SE) and estimate of coefficient (β) represented for
each model.
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Supplemental Table 3.9 Baseline CSF Biomarker Interactions on sTREM2 After
Outlier Removal
CSF Biomarker Interactions on sTREM2
APOE-ε4 carrier status
Biomarker

Original Results

Sensitivity Results

β

P

P.fdr

β

P

P.fdr

p-tau181

-28.272

0.006

0.021

-24.828

0.009

0.036

CSF/plasma Albumin ratio

-118.316

0.289

0.506

-94.695

0.441

0.693

t-tau

-3.698

0.002

0.014

-3.152

0.010

0.036

NfL

-1.006

0.072

0.168

-1.150

0.151

0.693

Biomarker

Sex

p-tau181

-20.211

0.045

0.158

-15.856

0.134

0.312

CSF/plasma Albumin ratio

77.000

0.589

0.981

50.600

0.729

0.917

t-tau

-2.852

0.015

0.105

-2.153

0.086

0.312

NfL

-0.171

0.749

0.981

-1.013

0.116

0.312

Biomarker

MCI diagnosis

p-tau181

-22.242

0.033

0.116

-18.481

0.085

0.198

CSF/plasma Albumin ratio

-55.097

0.627

0.732

-11.357

0.928

0.998

t-tau

-4.057

0.003

0.021

-3.507

0.008

0.035

NfL

-0.466

0.386

0.676

-1.465

0.044

0.156

Statistical results from the sensitivity analysis after removal of statistical and visual outliers (N=6
total; 1 t-tau, 1 CSF/plasma albumin, 3 Nfl, and one visual p-tau181 outliers) are colored green. Bold
represents statistical significance set to a priori threshold P/P.fdr < 0.05 (Benjamini & Hochberg
1995).
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Supplemental Figures

Supplemental Figure 3.1. Unadjusted scatter plots showing CSF AD biomarkers (x
axis) by CSF sTREM2 (y axis) after visual and statistical outlier removal. Statistical
outliers were determined by values 4 standard deviations outside of the mean
measurement.
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Supplemental Figure 3.2. CSF sTREM2 levels across amyloid and tau classification.
AT=0 (Amyloid and Tau Negative); AT=1 (Amyloid Positive/Tau Negative); AT=2
(Amyloid Negative/Tau Positive); AT=3 (Amyloid and Tau Positive). sTREM2 measured
in pg/mL.
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Supplemental Figure 3.3. Correlation matrix between sTREM2 and additional CSF
biomarker measurements in VMAP. Non-significant Pearson’s correlation coefficients
are denoted by an “X”.
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Supplemental Figure 3.4. Aβ and BBB biomarkers do not significantly interact with tau
status on sTREM2 levels in CSF: (A) Aβx-40 * tau status, p.int.=0.64, and (B)
CSF/plasma albumin ratio * tau status, p.int.=0.25. Protein measurements given in
pg/mL.
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Supplemental Figure 3.5. Replication of Aβ40 * tau status interaction on sTREM2. Aβ140 does not significantly interact with tau status on sTREM2 levels in CSF using ADNI
data: Aβ1-40 * tau status, p.int. =0.22. Protein measurements given in pg/mL.
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Supplemental Figure 3.6. Using ADNI data, sTREM2 decouples from tau as disease
progresses. Protein measurements given in pg/mL.
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