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Abstract
Background:

Cerebral amyloid angiopathy (CAA) is a cerebral small vessel disease featuring beta-
amyloid deposits within the cerebral vasculature. It is a major cause of cognitive decline and
intracerebral hemorrhage in the elderly. A gap in knowledge surrounding mechanisms
underlying CAA pathogenesis has contributed to a lack of treatments and early diagnostic
biomarkers for CAA. Expanding understanding of the mechanisms contributing to CAA
pathophysiology may aid in diagnostic and risk stratification biomarker discovery and potential
identification of novel therapeutic targets. This is of clinical interest, given the high prevalence
of CAA amongst the elderly and a globally aging population. This thesis evaluated differences in
blood gene expression in CAA and the relationship to CAA severity. Insight to changes in
immune system that occur in CAA are identified which may have relevance to cerebrovascular
disease in CAA and as biomarkers to aid in the diagnosis and severity assessment of CAA.
Methods:

In 27 patients with CAA blood cell gene expression was compared to 55 controls. RNA
was isolated from PAXgene tubes and measured by RNA sequencing. Differentially expressed
genes between CAA and controls were identified by ANOVA adjusting for age and sex.
Functional pathway analysis identified pathways associated with CAA. A prediction model to
distinguish CAA from controls was developed and evaluated. Differentially expressed genes
based on CAA small vessel disease (CAA-SVD) score as a marker of CAA severity were

identified using ANOVA and functional pathway analysis in patients with CAA.
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Results:

In patients with CAA compared to controls 686 differentially expressed genes were
identified (p<0.05, fold change >|1.2|), of interest ADAM15, CAMKID, CAPI and TGFBI. In
CAA canonical pathway analysis identified cell movement of phagocytes, activation of
phagocytes, CREB, degranulation of leukocytes, immune response of cells, inflammatory
response, and IL-23 signaling. A 24 gene panel differentiated patients with CAA from controls
with >95% sensitivity and specificity. The identified genes reveal differences in immune system
regulation in patients with CAA compared to controls. Differences identified include a potential
shift in beta-amyloid uptake by phagocytes (TGFBI, CREB, CAMKID), an increase in vascular
extracellular matrix disruption (4DAM15, CAPI), and a possible alteration in amyloid precursor
processing (BRI3BP, SORCS3). ANOVA was used to identify genes associated with CAA-SVD
score (p<0.05, partial correlation coefficient >|0.5|). HDAC11, IL23A, TRAIL, TRAILRI,
TRAILR?2, and ICAM-1 were associated with CAA severity (CAA-SVD score). Canonical
pathways analysis identified induction of T lymphocytes, binding of antigen presentation cells,
IL-12 signaling in macrophages/monocytes, activation of phagocytes, and activation of antigen
presenting cells to be associated with CAA severity (p<0.05).

Conclusions:

Differences in blood gene expression are present in patients with CAA compared to
control patients. These relate to differences in immune activation and signaling associated with
CAA. The differences in blood cell gene expression shows promise to distinguish CAA from
controls, though further evaluation in larger cohorts is required. An association between the
peripheral immune system and CAA severity was also identified. Changes in neutrophil,

monocyte, and Th17 cell gene expression in peripheral blood was associated with CAA severity.
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Such gene expression changes were associated with cognitive measures including decreases in
memory, executive functioning, and processing speed. This supports greater specificity of
immune system changes contributing to CAA pathogenesis and cognitive decline, which may be
of clinical value as future therapeutic targets or risk stratification markers in CAA. Although this
data is preliminary and further evaluation in larger cohorts is required, differences in peripheral
immune system responses were identified in CAA revealing gene targets with potential for

providing diagnostic and risk stratification information.
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Chapter 1: Current Understandings of Cerebral Amyloid Angiopathy and the Immune System

1.1 General Introduction

Cerebral amyloid angiopathy (CAA) is a cerebral small vessel disease characterized by
beta-amyloid deposition within small and medium sized cortical vessels and the leptomeninges
of the brain [1]. CAA is prevalent in the elderly and is a major cause of intracerebral hemorrhage
(ICH), dementia and cognitive decline [2]. The prevalence of CAA increases with age and is
estimated between 10-50% in elderly populations [3]. Given the aging global population and the
lack of current treatments for CAA, early diagnosis, and development of therapeutics to slow the
progression of CAA will be of tremendous value. The mechanisms contributing to CAA
development and severity remains to be determined [ 1, 4]. Enhancing this understanding could
contribute to biomarkers to improve diagnosis and risk stratification, as well as the development
of novel treatments to improve the health of patients with CAA.

Common presentations of CAA include lobar ICH, transient focal neurological episodes,
convexity subarachnoid hemorrhage, cognitive decline, inflammatory leukoencephalopathy, or
incidental cerebral microbleeds or cortical superficial siderosis on neuroimaging [5, 6]. Incidence
of CAA is strongly linked to age, with prevalence higher amongst populations with dementia [7-
9]. Based on a systematic review by Jakel et al prevalence of mild to severe CAA in patients
with AD and a mean age of 79.8 years was between 72.5 and 85.3%, while the prevalence of
mild to severe CAA in the general population with a mean age of 84.9 was between 17.3 and
29.1% [10]. In cognitively normal elderly populations with a mean age of 80.5 years the
prevalence of mild to severe CAA was between 22.8 and 35.5%, in patients with intracerebral
hemorrhage and a mean age of 56.8 the prevalence of mild to severe CAA was between 3.8 and

54.1%, and in patients with lobar hemorrhage and a mean age of 72.7 years the prevalence of



mild to severe CAA ranged from 41.7 to 71.0%. Sporadic aetiologies of CAA comprise most
cases, with a smaller portion having genetic or familial origin [11-13]. Carriers of the APOE*e2
or APOE*e4 alleles are at greater risk of CAA related hemorrhage, earlier age of disease onset,
and recurrent hemorrhage [14-18]. Sporadic CAA has a dose dependent association with
APOE*¢e4 [19]. Variants of the complement receptor type 1 (CR1) gene have also been
associated with ICH in CAA [20]. However, the presence of a genetic variant only is neither
sensitive nor specific for CAA diagnosis. Thus, the diagnosis of CAA is made using the
modified Boston criteria, relying on brain imaging and clinical features. However, a definitive
diagnosis of CAA requires neuropathology [2, 21-23].

The role immune system changes in CAA pathophysiology are not well understood [24-
30]. Investigation of leukocytes gene expression signatures could offer diagnostic information,
and risk stratification of CAA. Evaluation of immune involvement in CAA may also provide
novel targets for therapeutics to potentially aid in beta-amyloid clearance, reducing risk of
cerebral hemorrhage, or possibly slowing progression of CAA.

In chapter 1 immune system involvement in CAA is presented. In chapter 2, differences
in blood cell gene expression in patients with CAA compared to controls is described and
identification of CAA patients using a prediction model is evaluated. In chapter 3, differences in
blood cell gene expression in relation to severity of CAA using the CAA small vessel disease

score are presented.

1.2 Clearance of beta-amyloid

1.2.1 Beta-amyloid accumulation and removal



Cleavage of amyloid precursor protein (APP) by beta and gamma secretases produce
APao and AP42, with APB4o being the predominant beta-amyloid isoform present in CAA [31].
APa4o has a propensity to accumulate in the cerebral blood vessels, but beta-amyloid accumulation
is largely due to impaired clearance [32-40]. Mechanisms underlying deposition of beta-amyloid
in vessel walls instead of parenchyma are unclear, however two competing hypotheses exist. The
first hypothesis proposes vascular beta-amyloid arises locally from vascular smooth muscle cells
[41, 42]. In contrast, the second hypothesis suggests beta-amyloid originates from neurons, and
then accumulates in the vasculature [43, 44]. Preferential vascular beta-amyloid deposition is
also associated with several features including specific mutations in the amyloid precursor
protein (APP), beta-amyloid subtype, APOE allele status (APOE*c2/*¢4), and presence of select
co-deposited proteins [1, 45-48].

Several pathways are implicated in beta-amyloid clearance including phagocytosis,
enzymatic degradation, perivascular drainage, and transport across the blood brain barrier (BBB)
[49]. Studies have suggested between 40-60% of brain derived beta-amyloid may be cleared in
the peripheral blood through the BBB, lymphatic vessels, and by cerebrospinal fluid absorption
via arachnoid granules [50-52]. Although, the extent of involvement of each of these pathways in
beta-amyloid clearance and their relation to the immune system is currently unclear [1].
Increasing understanding of peripheral clearance pathways and their interactions with brain
resident beta-amyloid clearance strategies could offer significant clinical benefit in CAA
populations, as therapeutics would not need to be permeable to the BBB. Further, strategies
slowing or preventing beta-amyloid accumulation could prevent both ischemic and hemorrhagic

brain injury, potentially slowing CAA-related cognitive decline.



1.2.2 Efflux receptors and immune cells

Beta-amyloid is cleared from brain by several efflux receptors expressed on the BBB
endothelium [53-55]. Apolipoprotein E4 binds beta-amyloid and mediates its clearance across
the BBB via the VLDL pathway, while apolipoprotein E2 favors clearance of beta-amyloid
through both LRP1 and VLDL receptors [54]. Other receptors involved in beta-amyloid efflux
from brain include advanced glycation end product (RAGE), ATP binding cassette transporters
(ABC transporters), organic anion transporting polypeptides (OATP), natriuretic peptide receptor
C (Npr-C), low density lipoprotein receptor family (LDLD family — LRP1, LRP2), and insulin
sensitive transporter [56].

Studies have suggested LRP1 may regulate recruitment of peripheral immune cells to
sites of injury, contributing to monocyte differentiation and activation, and regulation of
inflammation [57-60]. LRP1 is also implicated as an efflux receptor of beta-amyloid present on
the BBB. As such, it is possible endothelial LRP1 on the BBB may interact with blood derived
immune cells contributing to immune activation or altered beta-amyloid clearance in CAA.
LRP1 is also expressed on monocytes and macrophages, suggesting beta-amyloid may bind
immune cells directly via LRP1 [61-63]. LRP1 expressed by peripheral leukocytes and BBB
endothelium may compete for beta-amyloid binding, perhaps altering clearance of beta-amyloid
into blood. Future investigation of potential immune cell interactions with beta-amyloid efflux
receptors expressed on the BBB is warranted, as these interactions could be targeted to promote
beta-amyloid clearance in CAA. Evidence also suggests depletion of LRP1 in monocytes
promotes NF-kf activation and pro-inflammatory signaling [60]. This may point towards a
protective effect of LRP1 mediated interactions by immune cells in CAA, as LRP1 activity may

assist with dampening inflammation, perhaps attenuating vascular damage in the brain.



Additionally, LRP1 expression is also reduced with age in AD, supporting a link between age
related changes to beta-amyloid clearance in CAA [53, 64-66]. Thus, LRP1 has several links to
immune cells in CAA including beta amyloid clearance, cerebrovascular damage, and
inflammation that warrant evaluation to understand and potentially treat CAA.
1.2.3 Perivascular clearance of beta-amyloid

Dysregulated perivascular clearance of beta-amyloid from the interstitial fluid (ISF) is
also believed to play a role in CAA pathogenesis, supported by isotope labelling of beta-amyloid
and PET imaging studies [1, 34, 35, 49, 67, 68]. Vascular damage and impaired vasoactivity in
CAA likely contribute to reduced perivascular clearance of beta-amyloid [1, 69, 70]. Although
the mechanisms of perivascular clearance are not well understood, glymphatic clearance along
the venules and clearance by the intramural peri-arterial drainage pathways along basement
membranes are thought to be involved [36-40, 71-73]. However, contributions of the glymphatic
system remain contentious. To further understand perivascular clearance mechanisms, the
development of non-invasive methods to better measure and visualize ISF clearance are required
[1, 67, 74]. As isotope labelling of beta-amyloid and PET imaging are currently limited by off
target binding and uptake of tracers by the brain [1, 67, 74]. If these limitations were addressed,
potential treatments for improving clearance of beta-amyloid from the perivascular spaces and
ISF could be developed.
1.2.4 Clearance of beta-amyloid in the peripheral blood

Deposition of beta-amyloid in the cerebral vessels is integral to CAA pathology, however
clearance of beta-amyloid by peripheral mechanisms is unclear. Recent evidence suggests beta-
amyloid may be cleared from brain, to blood for final clearance by the kidney [32]. Indeed beta-

amyloid was present in the blood and urine of patients with AD, with beta-amyloid levels being



higher in the blood of the renal artery compared to the renal vein in both humans and mice.
Unilateral nephrectomy also increased brain beta-amyloid load, worsened AD pathology,
neuroinflammation, and promoted cognitive deficits in APP/PS1 mice. In addition, an increase in
beta-amyloid clearance in the blood has been associated with reduced beta-amyloid in the brain,
again suggesting brain derived beta-amyloid may be cleared in the periphery [52, 75]. Further
support of peripheral beta-amyloid clearance was demonstrated by long term furosemide
treatment reducing levels of beta-amyloid in the brain and blood, while also improving AD
pathologies, and cognitive deficits in APP/PS1 mice [32]. Neprilysin (NEP) a beta-amyloid
degrading enzyme is highly expressed in the kidney [32]. This points towards a pathway where
beta-amyloid can be degraded or eliminated by the kidney. Investigation of peripheral clearance
mechanisms involving beta-amyloid in CAA are of value, as such methods could be exploited to
enhance activity of a potential brain-blood-kidney clearance axis. Future investigation is
required to validate such clearance pathways and evaluate the end location of brain derived beta-
amyloid in the context of CAA.

Clearance of beta-amyloid in the periphery has also been linked to the complement
system [76]. Complement receptor type 1 (CR1) is expressed on erythrocytes, monocytes,
neutrophils and B-cells which regulates complement activation and endocytosis by phagocytic
cells [77]. Genome wide association studies have associated a CR1 single nucleotide
polymorphism (SNP) with CAA, including risk of ICH, and cerebrovascular beta-amyloid
accumulation [20]. Beta-amyloid can be transported by CR1 on blood cells including
erythrocytes by binding C3b, to be eliminated in the liver or kidney [56, 76]. However, in both
patients with AD or mild cognitive impairment (MCI) lower levels of C3-opsonized beta-

amyloid bound erythrocytes were observed compared to control participants [76]. Further, the



CR1 SNP associated with CAA is located on non-coding regions containing additional C3b
binding sites [78-80]. Thus, a disruption of CR1-C3b binding may impair peripheral beta-
amyloid removal in CAA, contributing to cerebral vascular accumulation of beta-amyloid.
Investigation of potential beta-amyloid clearance through CR1-C3b interactions on peripheral
leukocytes are of interest in future studies, as peripheral leukocytes could be targeted
therapeutically in CAA.

Exploration into the potential for peripheral immune cell activity in systemic beta-
amyloid clearance is of value, as leukocytes may be involved in clearing systemic beta-amyloid
through interaction with the complement system, by direct uptake and phagocytosis, or by
shuttling to end organs such as the kidneys for removal [32, 33, 49]. Potential systemic
treatments promoting beta-amyloid clearance are of clinical interest, as issues of treatments
needing to cross the BBB and potential adverse effects could be avoided in CAA treatment [81,

82].

1.3 Neutrophils and BBB disruption in Cerebral Amyloid Angiopathy
1.3.1 Introduction to neutrophils

Neutrophils are phagocytic cells of the innate immune system, which mediate destruction
of invading pathogens, cytokine production, and the recruitment of immune cells to sites of
inflammation [30, 83, 84]. Damage to host tissues can result from neutrophil activity [85-91].
Neutrophils also promote tissue repair through involvement in vascular remodelling pathways,

exhibiting a contrasting protective role in vascular maintenance [92-94].



1.3.2 Neutrophil infiltration into brain

Neutrophil adhesion to cerebral endothelium can contribute to vascular injury, enhance
production of metalloproteinases (MMPs), and reactive oxygen species (ROS) [95-99]. In human
and mouse, beta-amyloid can enhance neutrophil adhesion to vascular endothelium and increase
production of ROS [100]. Integrins are adhesion molecules involved in neutrophil adhesion and
migration across the BBB. In a transgenic mouse model, beta-amyloid activated LFA-1 integrin,
promoting neutrophil adhesion and infiltration across the BBB prior to the onset of cognitive
decline [100]. Inhibiting LFA-1 reduced neutrophil adhesion resulting in slowed AD
progression, with improvements in memory and a decrease in AD neuropathology. These
findings suggest neutrophil infiltration into brain may contribute to development and progression
of AD. Investigation of changes in adhesion molecule expression in patients at risk of CAA
development, and in relation to CAA progression will be of interest to determine the role of
neutrophils in CAA and cognitive decline.

Neutrophils from the peripheral blood may infiltrate into the brain and interact with
vascular beta-amyloid in CAA. This is supported by 2-photon microscopy studies in AD mouse
models which demonstrated neutrophil infiltration across the BBB, and migration to vessel
associated beta-amyloid deposits [100, 101]. In transgenic AD mice neutrophils were found to
co-localize with beta-amyloid, produce neutrophil extracellular traps (NETs) and IL-17 in
regions of beta-amyloid accumulation [100]. NETs are extracellular web like structures which
can trap pathogens and debris. NET release was also demonstrated in the cortical vessels and
parenchyma of patients with AD, further supporting potential neutrophil involvement in CAA
[102]. IL-17 is a pro-inflammatory cytokine released by CD4+ T-cells (Th17) [103-106]. Th17

cells are a recently discovered lineage of CD4+ helper T-cell and their biological roles are



largely elusive. Evidence suggests Th17 mediated IL-17 release promotes recruitment and
activation of both monocytes and neutrophils, regulating tissue inflammation. Th17 cells also
express toll like receptor (TLR) 1 and TLR2, pattern recognition receptors expressed by other
peripheral leukocytes which have been demonstrated to be stimulated by beta-amyloid [107,
108]. As such, beta-amyloid may contribute to direct stimulation of Th17 cells leading to
neutrophil recruitment in CAA. Further investigation is required to evaluate such an interaction.
Th17-neutrophil interactions provide a potential link between innate and adaptive arms of the
immune system in CAA pathogenesis. This is of interest, as novel mechanisms underlying beta-
amyloid and Th17 signaling could possibly be targeted in future treatments of CAA.
1.3.3 Tissue repair by neutrophils

Neutrophils have roles in removal of cellular debris following recruitment to sites of
inflammation or injury [92, 109, 110]. Neutrophils have been shown to promote
revascularization and angiogenesis through the release of metalloproteinases that activate
vascular endothelial growth factor [92, 93]. Such processes could assist with repairing damaged
cerebral vessels in CAA, through recruitment and activation of cells that promote repair [92].
Following repair processes, neutrophils are either cleared by macrophages or re-enter the blood,
migrating to the bone marrow to die by apoptosis [111]. The exit or clearance of neutrophils
from brain is supported by evidence indicating neutrophils release micro-vesicles containing
molecules that attenuate further neutrophil recruitment and enhance shifting to anti-inflammatory
macrophage phenotypes [94]. Neutrophils also express chemokine receptor 5 (CCRS) which acts
as a cytokine scavenger, reducing levels of pro-inflammatory cytokines and thus inflammation
[94, 112, 113]. This suggests exploration of a potentially protective role of neutrophils in CAA is

warranted, as neutrophils may contribute to tissue repair, and then return to the peripheral blood.



Return of neutrophils to the blood following tissue repair processes in CAA would reduce risk of
neutrophil promoted inflammation locally in the brain in CAA [114]. The potential shuttling of
neutrophils in and out of the brain is important, as promotion of tissue repair processes by
neutrophils could be targeted to reduce vascular damage or dampen inflammation characteristic

of CAA.

1.4 Monocytes in Cerebral Amyloid Angiopathy
1.4.1 Monocyte origins and function

Monocytes are innate immune cells that arise from myeloid progenitor cells of the bone
marrow and have roles in phagocytosis of debris, endothelial regulation, and inflammation [115-
118]. Historically peripheral blood monocytes were thought to be the primary source of tissue
macrophages [116]. However, recent studies suggest tissue resistant macrophages develop during
embryogenesis arising from yolk sac precursors, then fetal liver monocytes, where they migrate
to various tissues and maintain populations via self-renewal [116, 119, 120]. This has promoted a
renewed curiosity of the roles of bone marrow derived peripheral blood monocytes and their
roles in healthy and disease states [116, 121]. In CAA, beta-amyloid in the vascular wall may
promote recruitment of peripheral blood monocytes into brain. This is supported by in vitro
studies demonstrating beta-amyloid induced monocyte adhesion and infiltration across
endothelium [122, 123]. Further, monocyte entry into brain was evidenced by live 2-photon
microscopy indicating monocytes migrated towards beta-amyloid in the cerebral vessels and
subsequently return to the blood in APP/PS1 AD mice [124]. This study also indicated depletion
of monocytes increased beta-amyloid burden, suggesting a potential role of peripheral monocytes

infiltrating brain and clearing amyloid burden locally.
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1.4.2 Monocytes and beta-amyloid in peripheral blood

Evidence suggests beta-amyloid can be transported from brain into the peripheral blood,
increasing clearance of beta-amyloid in the brain [32, 52, 125-128]. While no studies have
explored peripheral blood monocyte activity specific to CAA, this is of interest as peripheral
monocytes have been associated with beta-amyloid clearance in AD [108, 124]. Phagocytosis
assays support the ability of blood monocytes to uptake beta-amyloid, as beta-amyloid uptake in
assays was negatively associated with blood levels of beta-amyloid [108]. This supports potential
for peripheral blood monocytes to uptake and clear beta-amyloid from the blood in CAA.
Monocytes isolated from peripheral blood of AD patients exposed to beta-amyloid also
demonstrated reduced phagocytosis, abnormal cytokine release, and increased apoptosis [127].
This suggests monocyte function may become impaired in settings of potentially chronic
stimulation by beta-amyloid. Compensatory dampened peripheral blood monocytic response or
dysregulated phagocytosis could be present in CAA, perhaps due to chronic stimulation with
beta-amyloid. Exploration of peripheral monocyte activity in CAA is of importance as potential
therapeutic agents could target monocyte activation and beta-amyloid uptake in blood.
1.4.3 Receptor mediated endocytosis in monocytes

Evidence suggests toll like receptors (TLRs) promote receptor mediated endocytosis in
monocytes through mechanisms enhancing phagocytosis [108, 129]. Uptake of beta-amyloid
was also indicated to proceed through TLR2 in peripheral blood monocytes in AD, supporting
potential involvement of TLR signaling in CAA [108, 130, 131]. This supports a potential
interaction between beta-amyloid and TLR in CAA, which may promote phagocytosis. Indeed,
receptor mediated endocytosis of beta-amyloid was observed to increase early endosome

formation and combination with lysosomes during beta-amyloid breakdown by proteases [108].
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Lysosomal proteases implicated in beta-amyloid degradation include cathepsin D and cathepsin
S, which were not found to be differentially expressed in peripheral monocytes of patients with
AD. However, TLR2 expression was decreased in AD compared to controls. These results
suggest monocyte dysfunction in AD may be linked to beta-amyloid-TLR alterations rather than
enzymatic degradation issues in monocytes [108, 132]. In CAA, it is possible that beta-amyloid
interacts with peripheral monocytes through TLR signaling perhaps leading to amyloid uptake
and breakdown. Future investigation of pathways implicated in monocyte activation and
endocytosis is of interest, as dysregulated monocyte activity may be involved in CAA specific

beta-amyloid clearance from peripheral blood.

1.5 Perivascular macrophages
1.5.1 Origin of perivascular macrophages

Perivascular macrophages (PVMs) are brain resident immune cells distinguished by their
localization to the perivascular spaces, expression of scavenger receptors, and phagocytic
capacities [133]. PVMs are a type of border associated macrophage (BAM) [134]. BAMs include
cells present in the perivascular spaces, choroid plexus, and meninges. Historically BAMs such
as PVMs, meningeal macrophages (MGMs), and choroid plexus macrophages (CPMs) were
thought to arise from peripheral monocytes after birth and then be replaced by bone marrow
derived cells [135-141]. However, a recent study using parabiosis and fate mapping
demonstrated stable BAM populations including PVMs instead likely originate from

hematopoietic precursors during embryonic development [142].
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1.5.2 Functional roles of perivascular macrophages

In healthy states, PVMs are thought to maintain BBB integrity, act as phagocytes and
antigen presenting cells, in addition to contributing to lymphatic clearance [133, 134]. However,
under pathological conditions the role of PVMs remain unclear. Evidence suggests PVMs may
facilitate cross talk between cerebral endothelial cells and peripheral immune cells to mediate
immune activation [143]. BAM depletion decreased neutrophil infiltration, BBB disruption and
reduced neurological deficits in rat stroke models supporting BAM activity in BBB maintenance
[134]. Depletion of PVM in mouse stroke models led to granulocyte recruitment through
increased expression of vascular endothelial growth factor (VEGF), which promoted BBB
disruption and immune infiltration following stroke [134]. In conclusion, PVMs appear to play a
role in BBB maintenance and potential peripheral immune cell infiltration.

PVMs may also enhance vascular damage by promoting oxidative stress within cerebral
vessels [138, 144]. PVMs have been implicated in various neurological diseases including
stroke, CAA, AD, multiple sclerosis, meningitis, and encephalitis [133, 134, 145-152]. PVM
involvement in altering vascular health is supported by evidence demonstrating angiotensin 11
mediated activation of angiotensin II type 1 receptors in PVM led to increased production of
ROS via the NOX2 superoxide producing enzyme [138, 153, 154]. These findings support a
potential association between PVMs promoting oxidative stress and vascular damage, which may
reduce neurovascular health when hypertension is present [138]. Given the known contribution
of hypertension as a leading risk factor in vascular cognitive impairment and ICH, further
investigation of the association between PVM and vascular oxidative stress is of interest [155].
In CAA PVMs might be implicated in promoting cognitive impairments through ROS

production and NOX2 signaling, but further study is needed to explore this relationship and
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potential associations with hypertension management. This is of clinical value, as vascular
damage in CAA may increase risk of ICH or cognitive decline associated with CAA.
1.5.3 Perivascular macrophages and beta-amyloid

PVMs have a proposed role in beta-amyloid clearance [146, 147, 156]. The investigation
of PVM in CAA began with phagocytosis uptake assays where intracerebroventricular (ICV)
injection of fluorescently labelled dextran tracers were observed to be taken up by PVMs [157-
161]. This was indicated by the presence of fluorescently labelled phagosomes within PVMs,
supporting phagocytic capabilities of PVMs [157-161]. In CAA mouse models (TgCRNDS
mice), clodronate (CLO) mediated depletion of PVMs led to increased deposition of beta-
amyloid within cerebral vessels while parenchymal beta-amyloid remained unchanged [162]. In
another study using TgCRNDS8 mice, increased vascular beta-amyloid was found to be
associated with PVM depletion while PVM stimulation with chitin attenuated CAA severity and
beta-amyloid load [147]. CLO is toxic to PVM upon phagocytosis and was suggested to deplete
PVMs by ICV injection of CLO-containing liposomes [146-149]. Importantly, CLO injection
does not affect peripheral mononuclear cells or microglia cells [141]. Studies have illustrated
PVMs express scavenger receptor class B (SR-B1), which is a high-density lipoprotein receptor
that binds beta-amyloid [163-165]. SR-B1 expressing PVMs in J20 transgenic CAA mouse
models were found to interact with beta-amyloid deposits in meningeal and cortical blood
vessels, with J20 SR-BI"- mice demonstrating increased vascular beta-amyloid deposits [148,
166].

Based on findings from PVM depletion studies and SR-B1 deficient CAA mouse models,
there is evidence of a PVM or BAM in beta-amyloid clearance from the brain. However, these

studies were limited by the inability to differentiate PVMs from MGMs which are often found in

14



overlapping locations [133, 167]. Additionally, markers specific and sensitive in PVM
identification are essential before PVM involvement in CAA could be distinguished from other
BAM involvement [133, 167]. Single cell RNA sequencing studies have attempted to
differentiate various BAMs including PVMs and MGMs based on unique markers but have thus
far been unsuccessful [168, 169]. Further investigation of unique BAM markers is of clinical
interest, as they could help identify brain resident cell involvement specific to CAA. This could

provide insight into future targeted strategies for clearing beta-amyloid locally within the brain.

1.6 CAA related inflammation
1.6.1 An Introduction to CAA related inflammation and abeta related angiitis

CAA related inflammation (CAA-ri) is a rare, potentially autoimmune related
manifestation of CAA characterized by an inflammatory response to vascular beta-amyloid often
presenting with subacute neurological symptoms [170, 171]. CAA-ri is thought to be a milder
form of Abeta-related angiitis (ABRA) with features of perivascular inflammation, while ABRA
is a type of vasculitis with transmural inflammation [172-174]. Although both CAA-ri and
ABRA have similar clinical presentations and imaging findings, ABRA requires more aggressive
immunosuppression treatment. Clinical presentation of these two syndromes includes acute or
subacute cognitive decline, personality changes, new or persistent headache, seizure, memory
impairment, confusion, progressive neurological signs, or altered level of consciousness. MRI
often shows potentially reversible patchy or confluent white matter hyperintensities in the
subcortical regions, and multiple microinfarcts are often seen [175]. Cerebrospinal fluid analysis
may demonstrate pleocytosis with a lymphocytic predominance, mildly elevated protein, and the

presence of anti-amyloid antibodies during the acute phase of inflammation. The presence of
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antibodies is not detected during remission phases of CAA-ri, suggesting differences in immune
system responses throughout CAA progression. In symptomatic patients, a diagnosis of probable
CAA-r1 1s made in those 40 years or older, with the presence of one at least one of the following
including headache, a decrease in consciousness, behavioural change, focal neurological signs,
or seizures unrelated to acute ICH [176]. MRI must also demonstrate unifocal or multifocal
WMH lesions, and the presence of either corticosubcortical hemorrhagic lesions, cerebral
macrobleeds, or cSS in the absence of neoplasms, infection, or other causes of the lesions.
Management of CAA-ri and ABRA include a course of high dose glucocorticoids, and
immunosuppressive treatment [177-179].
1.6.2 Immune system involvement in CAA-ri

CAA-r1 and ABRA have been suggested to be promoted by a potential autoimmune
response against vascular beta-amyloid, which may contribute to beta-amyloid clearance or
increased vasculitis [172, 180]. Intramural and perivascular infiltrates from patients with CAA-ri
consist of CD68+ macrophages, multinucleated giant cells, and CD3+ T lymphocytes with both
macrophages and giant cells containing intracellular beta-amyloid deposits [170, 172, 180, 181].
These findings suggest potential involvement of immune cells in beta-amyloid uptake during the
acute phase response of CAA-ri. Flow cytometry of peripheral blood and CSF demonstrate
lymphocytic pleocytosis during CAA-ri, indicating T cell responses may be upregulated as a
response to brain vascular amyloid [181]. CD4+ T cells were the dominant subtype within
perivascular infiltrates residing near MHC class II expressing microglia, macrophages, and
multinucleated giant cells. This evidence suggests antigen presenting cells including
macrophages and microglia could contribute to T cell activation in CAA-ri due to beta-amyloid

presentation to T cells. Enhanced T cell responses could promote B cell activation and
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production of anti beta-amyloid antibodies, potentially promoting immune activation and
vascular inflammation during CAA-ri or ABRA. Antigen presenting cells may also respond to
vascular beta-amyloid by increasing vessel inflammation and potentially worsening BBB
integrity.

During the acute or subacute phase of CAA-ri an inflammatory and immune mediated
response to cerebrovascular beta-amyloid deposits appears to occur. This transient production of
anti-beta amyloid antibodies in the CSF could suggest the immune system may respond
differently in CAA-ri as compared to states of remission, and sporadic or familial CAA where
CSF appears normal. Comparison of immune system responses and peripheral leukocyte
activation in CAA-ri and sporadic or familial forms of CAA is of interest as this could shed
insight into distinct immune related mechanisms involving different CAA syndromes. The
immune system may respond differently in patients presenting with CAA-ri, potentially
suggesting immune response that could be targeted therapeutically in this specific subset of CAA
patients. This is supported as glucocorticoids and immunosuppressants are clinically useful
treatments for sporadic or familial CAA but are effective treatments for CAA-ri and ABRA
[177-179]. Patients presenting with CAA-ri or ABRA may have altered immune system
responsiveness, perhaps contributing to an elevated risk of CAA-ri type presentations as
compared to other CAA related syndromes. Such changes could be explored to potentially reveal
novel biomarkers or potential therapeutic targets associated with risk of CAA-ri, ABRA, or
amyloid related imaging abnormalities an iatrogenic form of CAA-ri linked to trialed beta-
amyloid specific therapies. Future investigation of peripheral leukocyte responses in during
CAA-ri is of clinical interest, as such alterations in blood cell immune function could be

modulated therapeutically and thus warrants future investigation.
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1.7 Summary of immune system in CAA

Further studies of the immune system specific to CAA are of interest to better understand
the complexities underlying beta-amyloid clearance and CAA progression. With a globally aging
population, strategies to slow progression of CAA and reduce cognitive decline are of great
importance. Evaluation of immune contributions to various aspects of CAA in relation to
severity are of interest as distinct alterations in immune system may be involved. As such,
peripheral blood leukocyte changes could offer insight into new strategies for detecting
diagnostic blood biomarkers in CAA. Early detection of CAA prior to manifestation of late-stage
neuroimaging findings could be of clinical significance in detecting patients at risk of CAA
progression, cognitive decline, and severe outcomes including ICH. Future evaluation of
peripheral leukocyte involvement in CAA pathogenesis is of interest as a potential therapeutic
target, as modulation of immune cell activation in the periphery could offer novel therapies to be

trialed in CAA, CAA-ri or ABRA.
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Chapter 2: Cerebral amyloid angiopathy blood gene expression profiling

2.1 Abstract

Background: Cerebral amyloid angiopathy (CAA) is a cerebral small vessel disease featuring
beta-amyloid deposits within the cerebral vasculature. It is a major cause of cognitive decline
and intracerebral hemorrhage in the elderly. This study evaluated whether gene expression
profiles in peripheral blood can differentiate patients with CAA from vascular risk factor and

healthy controls.

Methods: In 27 patients with CAA blood cell gene expression was compared to 55 controls.
Total RNA was isolated from PAXgene tubes and measured by RNA sequencing. Differentially
expressed genes between CAA and controls were identified by ANOVA adjusting for age and
sex. Functional pathway analysis identified pathways associated with CAA. A prediction model
to distinguish CAA from controls was developed using linear discriminant analysis with feature
selection by forward selection. Model performance was evaluated by 10-fold leave-one-out cross

validation.

Results: 686 differentially expressed genes were identified (p<0.05, fold change >|1.2]), of
interest ADAM15, CAMKI1D, CAPI and TGFBI. Canonical pathway analysis identified cell
movement of phagocytes, activation of phagocytes, CREB, degranulation of leukocytes, immune
response of cells, inflammatory response, and IL-23 signaling. A 24 gene panel differentiated
patients with CAA from controls with >95% sensitivity and specificity. The identified genes

reveal differences in immune system regulation in patients with CAA compared to vascular risk
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factor and healthy control patients. Differences identified include a potential shift in beta-
amyloid uptake by phagocytes (TGFBI1, CREB, CAMKID), an increase in vascular extracellular
matrix disruption (ADAM15, CAPI), and a possible alteration in amyloid precursor processing

(BRI3BP, SORCS3).

Conclusions: Differences in blood gene expression are present in patients with CAA compared
to control patients. These relate to differences in immune activation and signaling associated
with CAA. The differences in blood cell gene expression shows promise to distinguish CAA

from controls, though further evaluation in larger cohorts is required.
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2.2 Introduction

Cerebral amyloid angiopathy (CAA) is common amongst the elderly and is an important
cause of spontaneous intracerebral hemorrhage (ICH), dementia and cognitive decline [2, 182-
184]. Currently, no blood based diagnostic biomarkers for CAA exist. Improved understanding
of the biological mechanisms in CAA pathogenesis is essential for the development of
biomarkers. With an aging population, strategies to slow the progression of CAA are of
increasing importance. A gap exists regarding the understanding of how the immune system
response may contribute to CAA. In this study, we evaluated differences in blood cell gene
expression signatures in patients with CAA to develop a gene panel that can predict patients with
CAA from control patients.

A blood biomarker panel could be used as a tool for identifying patients with CAA. This
is of clinical value as probable diagnosis of CAA relies on imaging findings associated with
often late-stage, severe CAA manifestations [2]. Additionally, current blood and cerebrospinal
fluid biomarkers of CAA lack adequate sensitivity and specificity to offer clinical utility [185].
Further, current proposed biomarkers require further replication and validation in larger cohorts
[186, 187]. Early diagnosis of CAA is of importance, as strategies could be used to reduce risk
of cognitive decline or future bleeding events and thus slow progression of CAA. Additionally,
early detection of CAA could influence clinical management and prevention of ICH by avoiding
use of anticoagulants, antiplatelets, and thrombolytics [188-193]. A biomarker panel could offer
benefit in identifying CAA as these patients may present with different clinical features
including transient focal neurological episodes, intracerebral hemorrhage, or cognitive decline
[1, 194]. As such, development of diagnostic tools for identification of patients with CAA is of

interest.
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In this preliminary discovery-based study our aim was to evaluate if changes in
peripheral blood gene expression profiles can distinguish patients with CAA from controls, and
whether such changes can predict patients as having CAA. Our data suggests differentiation of
patients with CAA compared to controls, and prediction of patients with CAA is achievable,
however further investigation of this gene expression panel is required. Currently, the role of the
immune system in CAA pathophysiology is not well understood. However, changes in peripheral
leukocyte gene expression have been linked to various clinical features of CAA including
ischemic stroke, hemorrhagic stroke, and white matter disease [30, 96, 98, 195-203]. Thus,
investigation of changes in peripheral leukocyte gene expression in patients with CAA is of
interest. Using RNA sequencing and prediction modelling a 24 gene profile that distinguished
patients with CAA from control patients was developed. These genes were implicated in
alterations in immune cell regulation and beta-amyloid clearance presenting potential for use as a

tool in identifying patients with CAA.

2.3 Methods

Patients

Patients were recruited as part of the Functional Assessment of Vascular Reactivity (FAVR)
study approved by the University of Alberta Health Research Ethics Board and University of
Calgary Conjoint Health Research Ethics Board with each subject providing informed written
consent. There were 27 patients with CAA and 55 controls recruited from the University of
Alberta and the University of Calgary between 2016 and 2020. Probable CAA diagnosis was
made by consensus of two board-certified neurologists using the Modified Boston Criteria on

brain MRI [23]. Patients with lymphoma, leukemia, active infection, treatment with
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immunomodulating therapy were not included. Control subjects had vascular risk factors but had

no evidence of cognitive decline, no history of stroke, and did not have CAA.

Sample Processing

Peripheral blood was collected by venipuncture into PAXgene tubes and stored at room
temperature for 2 hours prior to being frozen at -80° until RNA extraction. All samples were
processed for RNA extraction in the same laboratory. RNA was isolated from PAXgene tubes
using PAXgene Blood RNA kit (PreAnalytiX, Switzerland). RNA integrity and concentration
was analyzed using the Agilent 2100 Bioanalyzer (Agilent, Santa Clara USA) and Nanodrop
(Thermo Fisher Scientific, USA). Samples had an RNA integrity number (RIN) >7.5 and an

A260/A280 absorbance ratio of >1.8.

cDNA Library Preparation

RNA samples were processed using QuantSeq 3> mRNA-Seq Library Prep Kit FWD with
Unique Dual Indices for cDNA library generation (Lexogen, Austria). Globin Block (RS-Globin
Block) was used to prevent the generation of library fragments from globin mRNAs. cDNA
library generation was initiated with 113ng RNA undergoing oligodT priming during strand
synthesis and subsequent magnetic bead purification. PCR cycle optimization was performed by
gPCR assay, and Lexogen UDI 12nt Unique Dual Indices were incorporated during

amplification.
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RNA Sequencing Differential Expression and Pathway Analysis

Samples were sequenced by Illumina NovaSeq6000 sequencing. RNA sequencing (RNAseq)
analysis was performed using the QuantSeq 3’mRNA-Seq pipeline in Partek Flow
Bioinformatics software (Partek, Saint Louis, MO). Raw reads were trimmed for quality (Phred
score >37), and adapters and unique dual indexing sequences were removed. Sequences were
aligned to the human genome (hg38) using the STAR2.5.3a aligner. Reads were normalized
using transcripts per kilobase million. ANOVA was used to generate a list of differentially
expressed genes adjusted for age and sex. Genes were considered differentially expressed based
on a p<0.05 and fold change >|1.2|. Ingenuity Pathway Analysis was used to identify enriched
functional pathways from the identified gene list (IPA, Ingenuity Systems, QIAgen). Pathways
were determined to be enriched using Fisher’s exact test p<0.05 and a Benjamini-Hochberg false

discovery rate (FDR <0.05) multiple comparisons correction.

Gene Expression Analysis

Gene expression analysis, principal component analysis, hierarchical clustering analysis, and
prediction modelling was performed using Partek Genomics Suite 6.06 (Partek Inc., St. Louis,
MO). A prediction model was created using linear discriminant analysis with feature selection by

forward selection. Model performance was tested by 10-fold leave-one-out cross validation.

2.4 Results
Patient demographics
Demographic and clinical features of patients with CAA (n=27) and control patients

(n=55) are displayed in Table 1. The mean age of patients with CAA was 74.9 years, with 14
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(51.8%) being female, 17 (63.0%) having hypertension, and 3 (11.1%) having diabetes. The
mean age of control patients was 72.6, with 31 (56.4%) being female, 27 (49.0%) having
hypertension, and 7 (11.1%) having diabetes. In patients with CAA the average white matter
hyperintensity volume corrected for intracranial volume was 29.9 (+23.6) cm?, and the average
cerebral microbleed count was 34.4 (£85.6). In control patients the average white matter
hyperintensity volume corrected for intracranial volume was 4.75 (#4.71) cm?, and the average
cerebral microbleed count was 0.11 (£0.32). Of the patients with CAA, the average perivascular
space score (Wardlaw scale) in the basal ganglia at baseline was 1.90 (+0.83) and the average
perivascular space score (Wardlaw scale) in the centrum semiovale was 2.23 (£1.0). Of the
control patients, the average perivascular space score (Wardlaw scale) in the basal ganglia at
baseline was 1.57 (£0.65) and the average perivascular space score (Wardlaw scale) in the
centrum semiovale was 1.31 (£0.63). In patients with CAA, 12 (57.1%) of the patients had
cortical superficial siderosis (cSS), with 7 (33.3%) having disseminated ¢SS, and 5 (23.8%)
having focal cSS. In control patients, no patients had either focal or disseminated cSS. A 2-
tailed t test or 2 test was used where appropriate to analyze differences in demographic and
clinical data between CAA and control groups. There were no significant differences in age, sex,
vascular risk factors, or years of education between groups. There were differences in

neuroimaging features.

RNA Sequencing Differential Expression
There were 686 differentially expressed genes identified from peripheral blood (p<0.05,
fold change >|1.2]) (Table S1.1). 547 genes were downregulated in CAA compared to controls,

including ADAM metallopeptidase domain 15 (ADAM15), Transforming growth factor-beta 1
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(TGFBI), Calcium/calmodulin-dependent protein kinase ID (CAMKI1D), and Cyclase associated
actin cytoskeleton regulatory protein 1 (CAP1). 139 genes were upregulated in CAA compared

to controls.

Prediction of Cerebral Amyloid Angiopathy

There were 27 patients with CAA, and 55 control patients. Clinical and demographic
characteristics of patients used for comparison of CAA and control patients are displayed in
Table 1.1. There were no significant differences in age, sex, vascular risk factors, or years or
education between groups. There were differences in neuroimaging features.

A 24 gene profile was generated using linear discriminant analysis (LDA) with forward
selection. The ability of the LDA model was assessed using cross validation. This 24 gene
profile was then used to predict CAA patients from controls. Of the 82 samples, 96% of the 27
CAA patients and 98% of the 55 control patients were correctly predicted by the model. The
gene profile demonstrated a sensitivity and specificity of >95%. The positive predictive value of
the model was 96% and the negative predictive value was 94%.

A hierarchical cluster plot of the 24 genes that were significantly different between CAA
and controls is shown in Figure 1.1. Subjects are clustered into groups based on diagnosis.
Hierarchical clustering demonstrates a group of genes that are upregulated in CAA, and another
group that is downregulated in controls. Another group of genes is downregulated in CAA and
upregulated in controls. The control group also appears to cluster into two subgroups. The 24
genes separated CAA patients from controls by approximately 2 standard deviations as

demonstrated by principal component analysis (Figure 1.2). Although these results are
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hypothesis generating and need further assessment in larger cohorts, these findings suggest that

gene expression profiling in blood can differentiate CAA from control patients.

Functional Pathway Analysis

There were 686 genes that were significantly different between CAA patients and
controls (p<0.05, fold change >|1.2|) (Table S1.1). Of these genes, 547 were downregulated in
CAA and 139 were upregulated compared to controls. Functional pathway analysis utilizing this
gene list of differentially expressed genes identified pathways associated with CAA. Enriched
signaling pathways associated with CAA (p<0.05) are shown in Table 1.3. These pathways
included cell movement of phagocytes, activation of phagocytes, CREB, degranulation of
leukocytes, degranulation of phagocytes, immune response of cells, inflammatory response, and
IL-23 signaling. Genes of interest present in the 24 gene profile and enriched signaling pathways

include ADAM15, CAMKID, CAPI and TGFBI (Table 1.2).

2.5 Discussion

We evaluated gene expression differences in blood to identify patients with CAA
compared to controls. The identified genes and associated pathways provide insight to the
relationship of the peripheral immune system to CAA. Differences identified include a potential
shift in beta-amyloid uptake by phagocytes (TGFBI, CREB, CAMKID), an increase in vascular
extracellular matrix disruption (4DAM15, CAPI), and a possible alteration in amyloid precursor
processing (BRI3BP, SORCS3). A panel of 24 genes differentially expression in CAA showed

promise to distinguish patients with CAA from controls.
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Development of tools that can aid diagnosis of CAA is of tremendous clinical value, as
probable CAA diagnosis is currently based on imaging features often characteristic of late-stage
disease manifestations [2]. Early diagnosis of CAA could offer clinical benefit in altering
pathways contributing to disease progression, to promote healthy brain aging and reduce
cognitive decline in patients with CAA. The modified Boston Criteria is the currently accepted
tool for probable CAA diagnosis, however relying on probable diagnosis may also produce more
false positives and negatives when identifying patients with CAA [23]. Definitive diagnosis of
CAA relies on histopathology which is limited by both sample size and generalizability, as brain
tissue from biopsy, autopsy or hematoma evacuation is often acquired from patients with severe
or aberrant clinical courses [23]. Currently blood and cerebrospinal fluid (CSF) biomarkers with
diagnostic applications in CAA are limited by sensitivity and specificity, with CSF collections
being invasive and time intensive [204, 205]. As such, development of minimally invasive tools
that could aid diagnosis of CAA are of value.

TGF-B1 expression was reduced in patients with CAA (Figure 1.3, Table 1.2). The role
of TGF-B1 is supported in CAA, as TGF-B1 variants are associated with increased beta-amyloid
vascular deposition [206]. TGF-B1 is a cytokine produced by monocytes and lymphocytes, with
roles in recruitment of peripheral leukocytes [207-211]. Signaling pathways including
inflammatory response, immune response of cells, cell movement of phagocytes, and activation
of phagocytes were also linked to TGF-B1 expression, further supporting involvement of TGF-
B1 and immune regulation (Table 1.3). Targeting TGF-P1 has also been postulated to provide
benefit in neurodegenerative or neuroinflammatory diseases including vascular dementia,
Alzheimer’s disease (AD), and stroke [208, 212, 213]. Indeed, TGF-B1 has been suggested to

promote brain health following stroke [214-216]. TGF-B1 also promotes beta-amyloid uptake
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and phagocytosis by polymorphonuclear leukocytes in AD [208, 217-219]. Thus, a decrease in
TGF-B1 in CAA patients may impair beta-amyloid uptake by polymorphonuclear leukocytes,
leading to increased amyloid burden in CAA. Immune cell interactions with chronic beta-
amyloid stimulation involving TGF-B1 in CAA may contribute to altered immune responses and
dysregulated beta-amyloid clearance. Impaired TGF-3 has been linked to activation of
polymorphonuclear leukocytes, beta-amyloid accumulation, and the progression of
neurodegeneration in AD, thus supporting potentially altered immune responses in CAA [220,
221]. Further investigation of immune system changes involving TGF-1 and
polymorphonuclear leukocytes is of interest, as this may provide a potential therapeutic target for
the promotion of immune responses that promote brain health and beta-amyloid clearance.

In patients with CAA, CAMKID expression was reduced, and signaling involving both
CREB and immune response of cells were associated with CAA (Figure 1.3, Table 1.3).
Signaling pathways including inflammatory response, immune response of cells, cell movement
of phagocytes, and phagocytosis of cells were also linked to CAMK 1D expression, supporting
involvement of CAMK1D in immune cell responses (Table 1.3). CAMKI1D is a protein kinase
that regulates neutrophils through activation of the transcription factor CREB [222-224]. CREB
has been associated with CAMK1D and is required for neutrophil proliferation and functioning
[225]. Further, CREB has been linked to cognitive impairment in AD, memory, and synaptic
plasticity [226-230]. This suggests neutrophil responses may be altered in CAA and contribute to
cognitive decline. GWAS studies have identified CAMK1D single nucleotide polymorphisms to
be associated with AD, and CAMK 1D has also been linked to late onset AD [231, 232]. Protein
level studies in AD patients have also indicated CAMKI1D is differentially cleaved [233]. Further

evaluation of neutrophils in CAA will be of interest to ascertain whether CAMK1D and CREB
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signaling could be promoting beneficial immune system adaptations perhaps due to chronic beta-
amyloid presence, or if CAMK 1D-neutrophil interactions may be driving pathogenic immune
responses in CAA linked to cognitive changes.

ADAMI15 expression was reduced in patients with CAA (Figure 1.3, Table 1.2).
ADAMIS is a metalloproteinase with roles in extracellular matrix (ECM) and tight junction (TJ)
remodelling [234-240]. ADAMI15 has also previously been found to affect endothelial
permeability, by modulating blood brain barrier function and monocyte migration [240]. Thus, it
may have effects on the ECM and immune cell interaction with cerebral endothelium in CAA.
ADAMI15 also negatively regulates toll-like receptor signalling, which dampens activation of the
innate immune system and contributes to anti-inflammatory effects [241]. As such, ADAM15
expression may alter TLR signalling in CAA (Table 3). Peripheral monocytes can take up beta-
amyloid [108]. However, uptake of beta-amyloid by peripheral monocytes was reduced in
patients with AD alongside decreased TLR2 expression [108]. This suggests TLRs may be
involved in beta-amyloid uptake in leukocytes, and ADAMI15 may interact with these processes.
Support of altered monocyte uptake of beta-amyloid related to ADAM15 is indicated by
enriched cell movement of phagocytes signaling associated with CAA involving ADAM15
expression (Table 1.3). Further investigation of ADAMIS5 and TLR signalling in CAA is
warranted, as elucidation of beta-amyloid interactions with TLR may provide insight to novel
alterations in immune system responses present in CAA. Such responses could be of interest as
potential therapeutic targets in CAA, as structural changes in the ECM and changes in immune
system response may contribute to progression of CAA.

CAPI expression was decreased in CAA. CAP1 was also involved in signaling pathways

associated with CAA including degranulation of leukocytes and phagocytes (Figure 1.3, Table
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1.3) CAPI is an actin binding protein expressed by peripheral blood monocytes [242, 243].
Binding of CAP1 to actin is proposed to induce vascular inflammation by regulating adhesion
and migration of monocytes [244, 245]. Vascular changes associated with CAP1 include
endothelial cell contraction and blood brain barrier disruption. CAP1 also functions as a receptor
for cytokines and upon activation promotes recruitment of immune cells [244, 246]. Activation
of CAPI is associated with chronic inflammatory conditions including atherosclerosis, obesity,
diabetes, Huntington’s disease and cardiometabolic diseases [243, 247-250]. As such, CAP1 may
have a role in regulation of immune response in CAA related to cerebral vascular health. Further
exploration of the association between CAP1 and altered immune response is important, as
CAP1 may contribute to vascular inflammation and immune dysregulation in CAA.

Genes implicated in amyloid precursor processing were also identified in the prediction
model, including BRI3BP and SORCS3 (Table 1.2). BRI3BP expression was reduced in CAA.
BRI3BP (Bri3 binding protein) binds BRI3 which has been demonstrated to inhibit beta-amyloid
production , through binding APP [251]. This suggests that BRI3BP may be a marker of
enhanced APP processing in CAA. SORCS3 expression was increased in CAA. SORCS3 has also
been associated with risk of AD, altered APP processing, and cognitive decline [252]. This
evidence supports potential for SORCS3 involvement in dysregulated beta-amyloid production
in CAA, which may be contributing to worsening cognitive function. Thus, alterations in APP
processing cascades present in CAA may be associated with cognition and thus could be of
interest as potential therapeutic targets in slowing progression of CAA.

This study has several limitations including small sample size, thus further study in
larger cohorts is required. Patients were matched for vascular risk factor controls, age, sex, and

years of education, however other factors such as the heterogeneity of CAA could not be entirely
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accounted for. Further investigation of gene expression signatures at various timepoints

throughout CAA progression are of interest, as expression may differ based on disease

progression and associated cognitive changes.

In conclusion, we provide preliminary evidence of gene expression differences in blood

cells of patients with CAA. Genes assembled into a prediction panel were able to distinguish

CAA from control patients. Genes of interest present in the prediction model suggest that

immune system responses may adapt or be dysregulated in CAA potentially due to impairments

in beta-amyloid clearance associated with peripheral immune cell alterations. These changes in

immune responses demonstrated in CAA may alter brain health and potentially contribute to

cognitive decline. With further evaluation in larger cohorts, gene expression profiles may offer

diagnostic information in identifying CAA. Development of blood-based gene expression

biomarkers are appealing as a tool in identifying CA A, as they are minimally invasive, and do

not rely on access to magnetic resonance imaging.

2.6 Figures and Tables

Table 1.1: Patient Demographics in patients with cerebral amyloid angiopathy compared to

controls
CAA Control P-value
n=27 n=55
Mean Age (years + 74.9 (+7.34) 72.6 (+11.6) 1.64X10"!
SD)
Sex Female, n (%) 14 (51.8) 31(56.4) 7.03x10"!
Hypertension, n (%) | 17 (63.0) 27 (49.0) 2.41x10°!
Diabetes, n (%) 3L 7(11.1) 8.38x10"!
Average CAA-SVD | 3.65 (£1.20) 0.37 (x0.67) 3.38x107!!
Score 0-4*
Years of Education 14.5 (£3.67) 16.1 (£3.37) 6.90x10
(£SD)
Average White 29.9 (£23.6) 4.75 (+4.71) 4.28x107
Matter
Hyperintensity

Volume corrected for

32



Intracranial Volume
(cm?+SD)

Average Perivascular
Space Score
(Wardlaw scale) in
Basal Ganglia at
Baseline (0-4)**

1.90 (+0.83)

1.57 (£0.65) s

1.30x102

Average Perivascular
Space score
(Wardlaw scale) in
Centrum Semiovale
(0-4)**

2.23 (£1.0)

1.31 (£0.63)

8.78x107

Average Cerebral
Microbleed Count

34.4 (+85.6)

0.11 (£0.32)

5.70x1072

¢SS present, n (%)

12 (57.1%)

0 (0%)

1.42x108

¢SS focal, n (%)

5(23.8%)

0 (0%)

3.00x107

¢SS disseminated, n

7 (33.3%)

(%)

0 (0%)

8.29x10°°

Values are mean + standard deviation. *Cerebral amyloid angiopathy small vessel disease score

(CAA-SVD Score) as in Charidimou et al [253]. **Enlarged perivascular spaces (EPVS) were
scored using the Wardlaw score [254] on T2-weighted MRI were separated based on levels (0-

4); level 0 being absent, level 1 (1-10 EPVS), level 2 (11-20 EPVS), level 3 (21-40 EPVS), and
level 4 (>40 EPVS).

Table 1.2: Differentially expressed gene list comparing patients with cerebral amyloid
angiopathy (CAA) and controls (CTL)

Gene Name Fold Change Fold Change (CAA vs P-value
Directionality CTL)

ADAMI15 CAA down vs CTL -1.28 3.72x1073
TGFBI CAA down vs CTL -1.29 4.02X10°3
CAPI CAA down vs CTL -1.30 2.52x10*
BRI3BP CAA down vs CTL -1.35 4.56x10*
POR CAA down vs CTL -1.35 2.15x10*
ILIB CAA down vs CTL -1.33 6.45x1073
CAMKID CAA down vs CTL -1.32 1.10x10°?
SORCS3 CAA up vs CTL 2.30 1.00x10-3
PSMD2 CAA down vs CTL -1.27 1.71x10°?

Table 1.3: Canonical pathways determined from differentially expressed genes in patients with
cerebral amyloid angiopathy compared to controls

Canonical Associated Genes -log (p-
Pathway value)
Activation of | ABHDI12, ARG1, CD274, CD93, CERK, CSFIR, CST3, CXCL5, | 3.06
phagocytes HMOXI, IDOI, ILIB, LGALS3BP, LGALS9B, MAP2K2, MT-

COI1, MT-CYB, MT-ND2, MT-ND4, MT-ND35, MT-ND6,
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S100412, S10048, SPHK1, STAT3, TGFBI, TIMD4,
TNFAIPSL2, TRAF3IP2

Cell
movement of
phagocytes

ACKR2, ADAM15, ARGI, CAMKID, CCR3, CD274, CLEC11A,
CMKLRI, CSFIR, CST3, CTSZ, CXCLS5, DIAPHI, FLNA,
GDF15, GPSM1, GSK3B, GSN, HMOX], IL15RA, IL1B, ILK,
JAKI, MARCO, MMPS8, PLGRKT, PTGDS, RIN3, S100412,
S10048, SGK1, SPHK1, STABI, STAT3, TERC, TGFBI1, TNC,
TNFAIPSL2, TNFRSF21, TPSAB1/TPSB2, TRAF3IP2, TRIO

3.15

CREB
Signaling

ACKR4, ADCY6, ADGREI, ADGRE3, CCR3, CMKLRI,
FGFR2, GNBIL, GPR137, GRB2, GRIDI, GRIK1, GRIN2B,
MAP2K2, P2RY2, PIK3R6, PRKACA, PTGIR, SSTR2, TGFBI

0.767

Degranulation
of leukocytes

ADGRE3, AGPAT2, ARGI1, CAPI, CAPNI, CCR3, CD274,
CD93, CST3, CTSH, CTSZ, CYB5R3, DIAPHI, FABPS, GSN,
GSTPI, HLA-C, HMOXI, IL1B, INPP5B, MLEC, MMPS,
ORAI2, P2RX4, PGAM1, PI4K2A, PRAM1, PSMD2, PSMD?7,
PTGDS, RHOF, S100412, S10048, SNAP29, SPHK 1, STK10,
TGFBI, TNFAIP6, UBR4, VCL

5.70

Degranulation
of phagocytes

ADGRE3, AGPAT2, ARG, CAPI, CAPNI, CCR3, CD93, CST3,

CTSH, CTSZ, CYB5R3, DIAPHI, FABPS5, GSN, GSTPI, HLA-C,
HMOXI, IL1B, INPP5B, MLEC, MMPS, ORAI2, P2RX4,
PGAMI, PRAM1, PSMD2, PSMD7, PTGDS, RHOF, S100412,
S100A48, SNAP29, SPHK1, STK10, TNFAIP6, UBR4, VCL

5.72

Immune
response of
cells

ABCFI1, ARGI, BAKI, BAX, CAMKID, CD274, CD93, CERK,
CERS2, CSFIR, CST3, EIF4EBPI, ELF3, ELMOI, ELOVLI,
FLNA, FSTL1, GP1BA, GRB2, GSN, HMOX1I, IL15RA, IL1B,
JAKI, LILRBI, MARCO, MYO1G, PRKAA2, PRKX, RELB,
S100412, S10048, SGK1, SIGLEC1, SPHK1, STAT3, TGFBI,
TIMD4, TLE3, TRAF3IP2, TRIM24, TRIM65, XRCC1

3.45

Inflammatory
response

ABCFI1, ABHDI12, ACER3, ACKR2, ALDH?2, ARG1, BAPI,
BRD4, CAMKID, CCR3, CD274, CMKLRI, CR2, CSFIR,
CST3, CXCLS5, DIAPHI, ELMOI, F12, FEMI1A4, GGTI, GPS2,
GPSM1, GSK3B, GSN, HMOXI, IDO1, IL17RC, IL1B,
LGALS3BP, LGALS9B, MAP2K2, MARCO, MMPS, MT-COl,
MT-CYB, MT-ND2, MT-ND4, MT-ND35, MT-ND6, NFKB2,
NKIRAS2, PLGRKT, PRDX5, RIN3, S100412, S10048, SASH3,
SPHK1, STAT3, TGFBI1, TIMD4, TNC, TNFAIP6, TNFAIPSL?2,
TPSAB1/TPSB2, TPSTI1, TRAF3IP2

4.23

IL-23
Signaling

ILIB, NFKB2, PIK3R6, RELB, STAT3

2.17
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Figure 1.1: Principal components analysis of the 24 genes found to differentiate patients with
cerebral amyloid angiopathy from control patients. Each sphere represents a single patient. CAA
patients are shown in orange and control patients in blue. The ellipsoid represents 2 standard
deviations from the group mean.
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Figure 1.2: Hierarchical cluster plot of the 24 genes differentially expressed in patients with
cerebral amyloid angiopathy compared to control patients. Genes are displayed on the y-axis and
subjects are shown on the x-axis with CAA patients in orange and control patients in blue.
Subjects are clustered by diagnosis. Upregulated genes are indicated in red, and downregulated
genes are indicated in green. One group of genes has low expression in CAA and high
expression in controls. Another group of genes has high expression in CAA and low expression
in controls. The control group may cluster into two subgroups. Genes listed on the left from top
to bottom are SIX4, CDC254, IFITM3, PRPF18, DOCKS8-AS1, SORCS3, KHK, AMACR,
PDE6C, MAMDC4, CXCLS5, ACKR2, KLHL32, GRIN2B, GRIDI, POR, CAP1, CAMKID,
BRI3BP, PSMD2, GALANT6, ADAM15, CR2, NUFIPI.
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Figure 1.3: Box Plots of select differentially expressed genes comparing patients with cerebral
amyloid angiopathy in orange and controls in blue (p<0.05, fold change >|1.2|).
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Chapter 3: Transcriptomic changes in peripheral blood leukocytes associated with cerebral
amyloid angiopathy severity

3.1 Abstract

Background: Cerebral amyloid angiopathy (CAA) is a cerebrovascular disease characterized by
beta-amyloid deposition within cerebral vessels. Clinical markers of CAA severity include
recurrent ICH, cognitive decline, and imaging features of CAA including microhemorrhage,
dilated perivascular spaces, cortical superficial siderosis, and white matter hyperintensities. CAA
is an important cause of cognitive decline and intracerebral hemorrhage in the elderly, leading to
the need for CAA treatments. The contribution of the immune system to CAA severity is not
well understood. This study sought to evaluate changes in peripheral leukocyte gene expression

associated with CAA severity.

Methods: In 22 patients with CAA peripheral blood was collected into PAXgene tubes. RNA
was isolated, and sequencing performed. Differentially expressed genes based on CAA small
vessel disease (CAA-SVD) score as a marker of CAA severity were identified using ANOVA
and functional pathway analysis. Memory, executive function, and processing speed were
expressed as z-scores in relation to norms provided by test manuals. The relationship between

gene expression, cognitive scores and CAA severity were assessed.

Results: Analysis of variance (ANOVA) was used to identify genes that were associated with
CAA-SVD score (p<0.05, partial correlation coefficient >|0.5|). HDAC11, IL23A4, TRAIL,
TRAILRI, TRAILR?2, and ICAM-1 were associated with CAA severity (CAA-SVD score).

Canonical pathway analysis identified included induction of T lymphocytes, binding of antigen
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presentation cells, IL-12 signaling in macrophages/monocytes, activation of phagocytes, tight
junction signaling, and activation of antigen presenting cells to be associated with CAA severity
(p<0.05). Several genes associated with CAA severity were also associated with cognitive

decline including a decrease in memory and executive functioning.

Conclusions: An association between the peripheral immune system and CAA severity was
identified. Changes in neutrophil, monocyte, and Th17 cell gene expression in peripheral blood
was associated with CAA severity. Further evaluation of immune system changes associated
with CAA severity is needed to understand contribution to cerebral small vessel disease,

cognitive decline, and potential roles as treatment targets or risk stratification markers in CAA.
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3.2 Introduction

CAA is an important cause of intracerebral hemorrhage (ICH), cognitive decline, and
mortality [255-259]. The severity of CAA can be assessed using imaging features associated
with CAA. These have been summarized into the CAA small vessel disease (CAA-SVD) score
which is comprised of lobar cerebral microbleeds, cortical superficial siderosis, centrum
semiovale perivascular spaces, and white matter hyperintensities [256]. The CAA-SVD score is
associated with severity of vascular pathology [258]. Evidence demonstrates an association
between the CAA-SVD score and cognitive function [260]. Patients with CAA also had lower
scores in memory, executive function, and processing speed compared to norms [261]. In CAA
patients with lobar ICH, higher CAA-SVD scores predicted recurrent ICH [258]. As such,
patients with increased CAA severity have greater cognitive impairment and are at increased risk
of ICH [258, 262, 263]. In this study we evaluated the relationship of blood cell gene expression
to CAA severity to ascertain whether features of the immune system may relate to severity of
CAA and cognitive parameters.

The relationship between CAA and the immune system is not well understood. Changes
in peripheral leukocyte gene expression have been indicated in ischemic and hemorrhagic stroke,
and white matter disease which are clinical features of CAA [30, 96, 98, 195-203]. Few studies
have examined peripheral leukocytes in relation to CAA. In Alzheimer’s disease (AD) peripheral
monocytes have a proposed role in the clearance of beta-amyloid [108, 124]. Beta-amyloid from
the brain may be taken up by circulating leukocytes and cleared in the kidney or liver [32, 52, 56,
57,75,76,125-127, 129]. Indeed, a decrease in leukocyte phagocytosis of beta-amyloid
increases vascular beta-amyloid in AD [108, 122-124]. In CAA leukocytes may have a similar

contribution that may relate to severity of CAA.

40



In this study we examined differences in peripheral leukocyte gene expression associated
with CAA severity. Involving induction of T lymphocytes, binding of antigen presentation cells,
IL-12 signaling in macrophages, activation of phagocytes, tight junction signaling, and activation
of antigen presenting cells pathways. Specific genes of interest implicated in peripheral
leukocyte activation include HDACI1, IL23A, TRAIL, TRAILRI, TRAILR?2 and ICAM-1. This
supports immune system involvement specific to CAA pathogenesis. Such differences could
elucidate novel biomarkers associated with CAA. Further, novel biomarkers specific to CAA
may also be potential therapeutic targets for slowing CAA progression and reduction of bleeding
events. Early detection of biomarkers associated with severity could be targeted to
therapeutically slow progression, reduce risk of ICH, cognitive decline, and CAA related

mortality. This could provide value, in offering potential novel therapeutic targets in CAA.

3.3 Methods

Patients

The study protocol was approved by the University of Alberta Health Research Ethics Board and
University of Calgary Conjoint Health Research Ethics Board with each subject providing
informed written consent. There were 22 patients with CAA recruited from the University of
Alberta and the University of Calgary between 2016 and 2020. Participants were recruited from
cognitive clinic or stroke prevention clinic. Probable CAA diagnosis was made by consensus of
two board-certified neurologists using the Modified Boston Criteria on brain MRI [23]. CAA-
SVD scores were determined by a board-certified neurologist and were utilized as a marker of
CAA-severity scored from 0 to 6 [256]. Patients with lymphoma, leukemia, active infection,

treatment with immunomodulating therapy were not included in the study.
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Sample Processing and RNA Isolation

Peripheral blood was collected by venipuncture into PAXgene tubes and stored at room
temperature for 2 hours prior to being frozen at -80° until RNA extraction. All samples were
processed for RNA extraction in the same laboratory. Total RNA was isolated from PAXgene
tubes using PAXgene Blood RNA kit (PreAnalytiX, Switzerland). RNA integrity and
concentration was analyzed using the Agilent 2100 Bioanalyzer (Agilent, Santa Clara USA) and
Nanodrop (Thermo Fisher Scientific, USA). Samples had an RNA integrity number (RIN) >7.5

and an A260/A280 absorbance ratio of >1.8.

cDNA Library Preparation

RNA samples were processed using QuantSeq 3> mRNA-Seq Library Prep Kit FWD with
Unique Dual Indices for cDNA library generation (Lexogen, Austria). Globin Block (RS-Globin
Block) was used to prevent the generation of library fragments from globin mRNAs. cDNA
library generation was initiated with 113ng RNA undergoing oligodT priming during strand
synthesis and subsequent magnetic bead purification. PCR cycle optimization was performed by

gPCR assay, and Lexogen 12nt Unique Dual Indices were incorporated during amplification.

RNA Sequencing and Analysis

Samples were sequenced by Illumina NovaSeq6000 sequencing. RNA sequencing (RNAseq)
analysis was performed using the QuantSeq 3’'mRNA-Seq pipeline in Partek Flow
Bioinformatics software (Partek Inc., St. Louis, MO). Raw reads were trimmed for quality

(Phred score >37), and adapters and unique dual indexing sequences were removed. Sequences
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were aligned to the human genome (hg38) using the STAR2.5.3a aligner. Reads were normalized

using transcripts per kilobase million.

Cognitive Assessments

The National Institute for Neurological Diseases and Stroke-Canadian Stroke Network test
battery was used for neuropsychological assessment as previously described by Case et al [261,
264]. The test battery included Trail Making A (TMT-A) and B (TMT-B), Controlled Oral Word
Association Test-FAS (COWAT-FAS), Digit Symbol Coding (DSC) subtest of the WAIS-IV,
Rey-Osterrieth Complex Figure Test (ROCFT), and verbal learning and memory (California
Verbal Learning Test — CVLT-II) [265-269]. Neuropsychological tests were assessed based on
three domains including episodic memory (average of the delayed recall portions of the CBLT-II
and ROCFT), executive function (average of the TMT-B and COWAT-FAS), perceptual and

processing speed (average of the DSC and TMT-A) [261].

Statistical Analysis

Partek Genomics Suite was used for statistical analysis. Differential gene expression based on
CAA severity (CAA-SVD score) was assessed using ANOVA. Genes considered to be
associated with CAA severity had a p-value<0.05 and partial correlation coefficient r>[0.5|.
Genes significantly associated with CAA severity were evaluated using Ingenuity Pathway
Analysis to identify enriched functional pathways from our gene list (IPA, Ingenuity Systems,
QIAgen). Pathways were determined to be enriched using Fisher’s exact test p<0.05 and a
Benjamini-Hochberg false discovery rate (FDR <0.05) multiple comparisons correction. Genes

of interest were not found to be independently associated with age, sex, or other vascular risk
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factors. Neuropsychological test scores were converted to z-scores after adjusting for age, sex,
and years of education based on normative data in the test manuals as previously described by
Case et al [261]. A 1-sample #-test was used to identify differences from published norms.
Cognitive tests were grouped into 3 domains including episodic memory (average of the delayed
recall portions of the CVLT-II and ROCFT), executive function (average of the TMT-B and
COWAT-FAS), and perceptual processing speed (average of the DSC and TMT-A). A mean z-

score of <I was considered to indicate cognitive impairment.

3.4 Results
Patient demographics

Characteristics of patients with CAA are displayed in Table 2.1. The mean age of patients
with CAA was 74.0 (£6.14) years, with 11 (50%) being female, 14 (64%) having hypertension, 2
(9%) having diabetes. The average CAA-SVD score being 3.5 (£1.30), the average white matter
hyperintensity volume corrected for intracranial volume being 28.8 cm? (+23.8), and the average
cerebral microbleed count being 33.0 (£83.8). The average perivascular space score (Wardlaw
scale) in the basal ganglia at baseline was 1.91 (+0.82) and the average perivascular space score
(Wardlaw scale) in the centrum semiovale was 2.23 (£0.97). Of the 22 CAA patients, 12 (55%)
of the patients had cortical superficial siderosis (cSS), with 7 (32%) having disseminated cSS,

and 5 (23%) having focal cSS.

Differential RNA Expression associated with CAA Severity

There were 414 genes associated with CAA-SVD score identified from peripheral blood

(p<0.05, r>]0.5]) (Table S2.1). 284 genes were positively associated with CAA severity,
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including /2234 (p=0.003, r=0.61), TRAILR1(p=0.004, r=0.59), TRAILR2 (p=0.02, r=0.51)
(Table 2.2). 130 genes were negatively associated with CAA severity, including HDAC11
(p=0.006, 1=-0.56), TRAIL (p=0.02, r=-0.50) and /ICAM-1(p=0.004, r=-0.61) (Table 2.2). These
genes of interest demonstrate differences in leukocyte gene expression associated with CAA-

SVD score.

Functional Pathway Analysis

There were 414 genes that were associated with CAA severity (p<0.05, r>/0.5|) (Table
S2.1). Of these genes, 284 were positively associated with CAA severity and 130 were
negatively associated with CAA severity. Functional pathway analysis utilizing this gene list of
differentially expressed genes identified pathways associated with severe CAA. Enriched
signaling pathways associated with CAA severity (p<0.05) are shown in Table 2.3. Genes of
interest were indicated to be involved in these enriched signaling pathways. Functional pathways
found to be enriched based on associations with CAA severity (CAA-SVD score) included
induction of T lymphocytes (IL23), binding of antigen presentation cells (/CAM1), IL-12
signaling in macrophages (/L23), activation of phagocytes (C5, ICAM1, IL23, TRAIL2R), and

activation of antigen presenting cells (ICAM1, IL23, TRAIL2R) (Table 2.3).

Cognitive Assessments

Several of the genes of interest were associated with a decrease in cognitive performance
compared to norms (z-score <1.0) including ICAM-1, TRAIL, and TRAIL2. Low ICAM-1
expression was associated with CAA severity (Figure 2.2). CAA patients expressing low ICAM-

1 also demonstrated poorer executive functioning on cognitive assessments compared to norms
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(z-score -1.73). CAA patients expressing low TRAIL, had decreased memory (z-score -1.71) and
executive functioning (z-score -1.47). In patients with moderate to severe CAA (CAA-SVD
score >3) and increased TRAIL2R expression, memory (z-score -2.28), executive function (z-

score -1.82) and processing speed scores (z-score -1.14) were all decreased compared to norms.

3.5 Discussion

Differences in blood cell gene expression by CAA severity were identified. Genes
associated with CAA severity include HDACI11, IL23A, TRAIL, TRAILRI, TRAILR2, and ICAM-
1. Pathway analysis revealed enrichment in signaling related to induction of T lymphocytes,
binding and activation of antigen presentation cells, IL-12 signaling in monocytes/macrophages,
and activation of phagocytes. The functional effects of these genes in CAA requires further study
but highlight immune system differences in patients with CAA related to severity that may have
potential to slow progression of CAA or stratify CAA severity.

CAA severity can be assessed by neuropathological evaluation or neuroimaging. Both
have limitations. Neuropathology can only be performed post-mortem. Neuroimaging findings
associated with CAA severity including white matter hyperintensities, enlarged perivascular
spaces (PVS) on MRI, lobar lacunes, and cortical microinfarcts [270, 271]. The total CAA-SVD
score is also associated with CAA related vasculopathic changes and severe CAA presentations
including symptomatic ICH, supporting the use of the CAA-SVD score as a marker of CAA
severity [253]. CAA severity represented by the (CAA-SVD) score is associated with both
cognitive decline and recurrent ICH [258, 260, 262, 263]. Thus, risk stratification markers of
CAA severity could provide utility in identifying patients at risk of severe CAA related outcomes

and cognitive decline. However, there are presently no blood-based biomarkers associated with
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CAA-severity. Investigation of potential peripheral immune system involvement related to CAA
severity may provide insights into mechanisms underlying CAA progression and present novel
risk stratification biomarkers. Changes in immune system responses may be contributing to
cognitive decline and severe CAA presentations including ICH. Evaluation of immune cell
interactions associated with CAA severity could reveal novel targets for future therapies aimed at
slowing CAA progression. This study sought to evaluate changes in peripheral leukocyte gene
expression associated with CAA severity based on the CAA-SVD score.

A reduction in HDAC11 expression was associated with increasing CAA severity (Table
2.2). HDACI1 is a histone deacetylase that regulates gene expression at an epigenetic level [272,
273]. Modulation of HDACI11 has been suggested as a therapeutic strategy for diseases involving
autoimmunity, neurodegeneration, and chronic inflammation [272, 274, 275]. HDACI11 regulates
neutrophil differentiation, and HDACI11 deficient neutrophils demonstrate a pro-inflammatory
phenotype with enhanced migration and phagocytosis abilities [273]. Neutrophils with an
inflammatory and phagocytic phenotype in CAA are supported by CAA severity being
associated with pathways of phagocyte activation, and activation of antigen presenting cells
(Table 2.3). These signaling pathways include genes related to neutrophil recruitment and
activity associated with CAA severity including ICAM-1, MYDS8S8, TRAILR2, IL27, and C5
(Table 2.3). Potential for neutrophil phagocytosis of beta-amyloid in the peripheral blood is
further supported by evidence demonstrating neutrophils co-localize with beta-amyloid in AD
mice, beta-amyloid clearance was increased upon targeting increased C5 signaling in
neutrophils, and C5a receptor agonists in AD mice increased phagocytosis of beta-amyloid by
neutrophils [101, 276, 277]. A decrease in ICAM-1 was also associated with CAA severity

(Figure 2.2). CAA patients expressing low ICAM-1 also demonstrated poorer executive
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functioning on cognitive assessments compared to norms (z-score -1.73). ICAM-1 is an adhesion
molecule required for neutrophil infiltration across the blood brain barrier into brain [30, 278,
279]. A reduction in ICAM-1 associated with CAA severity may have a role in impaired
clearance of beta-amyloid due to altered neutrophil responses which may be linked to changes in
cognitive functioning. Further investigation of HDACI11 in inflammatory neutrophils in relation
to CAA severity is warranted to ascertain whether targeting of neutrophil phenotypes and
phagocytic activity may have potential as a therapeutic strategy for CAA.

TRAIL was decreased in patients with more severe CAA (Table 2.2). TRAIL is
expressed by monocytes, neutrophils, natural killer cells and natural killer T-cells [280-283].
TRAIL binds TRAILR1 and TRAILR2, both of which were associated with CAA severity [282,
284] (Table 2.2). While the role of TRAIL-TRAIL receptor interactions in CAA remains unclear,
they are associated with inflammation, neurodegeneration and iNOS signaling [285]. iNOS
signaling was also demonstrated to be associated with CAA severity (Table 2.2). Evidence
suggests monocytes deficient in TRAIL demonstrated impaired functioning and a pro-
inflammatory phenotype [286]. Additionally, TRAIL infusion in an AD mouse model resulted in
reduced beta-amyloid deposition, improved cognition and reduced brain inflammation [287]. We
also found CAA patients expressing low TRAIL, had decreased memory (z-score -1.71) and
executive functioning (z-score -1.47). This further supports a link between TRAIL signalling in
monocytes and CAA progression. In severe CAA, monocyte functioning may become
dysregulated, potentially contributing to CAA pathogenesis and cognitive decline. While further
studies are needed, blood monocytes with reduced TRAIL signaling may contribute to

inflammation and cognitive decline in CAA. Future investigation of the interaction between
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beta-amyloid and TRAIL signaling in blood leukocytes is of interest as this may provide a novel
target for reducing inflammation and cognitive decline in CAA.

Increased expression of TRAILR2 (the TRAIL receptor) was also associated with CAA
severity (Figure 2.2). TRAILR?2 is highly expressed on monocyte cell surfaces and has opposing
roles in the cell cycle [288-290]. Other genes associated with monocyte activation in relationship
to CAA severity were TRIM71, IL23, and enriched IL-12 signaling (Table 2.3, Figure 2.2). These
further indicate monocyte activation is altered in patients with severe CAA. In patients with
moderate to severe CAA (CAA-SVD score >3) and increased TRAIL2R expression, memory (z-
score -2.28), executive function (z-score -1.82) and processing speed scores (z-score -1.14) were
all decreased compared to norms. This again suggests TRAIL signaling in monocytes may be
implicated in cognitive decline associated with CAA severity. Monocytes may uptake beta-
amyloid and contribute to its clearance from the blood in CAA, as has been described in AD
[108, 130, 131]. Alternately, evidence suggests beta-amyloid may bind monocyte receptors and
be shuttled to end organs such as the liver or kidneys for clearance from the blood [56, 76].
While clearance of beta-amyloid in CAA requires further study, investigation of monocyte
activity and their role in beta amyloid clearance will be of interest as a potential strategy to treat
CAA.

IL234 expression was increased in patients with more severe CAA (Figure 2.2). IL-23 is
a pro-inflammatory cytokine produced by activated monocytes, macrophages, and dendritic cells
[291-295]. IL-23 promotes differentiation of Th17 cells, a T cell subset implicated in chronic
inflammation and peripheral leukocyte recruitment [294, 296-298]. Several pathways involving
1L23A4 expression were associated with CAA severity, including induction of T lymphocytes,

activation of phagocytes, and activation of antigen presenting cells (Table 2.3). PGLYRP2 was
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also associated with CAA severity, which limits overactivation of Th17 signaling, further
supporting potential Th17 involvement in CAA [299]. In CAA the increase in IL-23 signaling
may promote a shift towards Th17 cells in the peripheral blood, which may contribute to brain
injury. Beta-amyloid can also stimulate Th17 cells through TLR1 and TLR2, further supporting
potential for Th17 activity in CAA [107, 108]. As such, evaluation of IL-23 signaling and Th17
cells in CAA will be of interest as novel targets for CAA treatments may be identified.

Limitations of our discovery-based study include small cohort sizes, therefore future
investigation and validation in larger cohorts is required. Although there were no statistically
significant differences in age, sex, or vascular risk factors by severity of CAA, it remains
possible that other factors could be involved. Due to the heterogenous nature of CAA, further
evaluation of associations between peripheral leukocyte gene expression and individual imaging
markers comprising the CAA-SVD score will be of interest. This could provide information
about mechanisms contributing to each of these imaging findings. The role of peripheral
leukocytes provides a novel contribution to CAA pathogenesis and thus justifies future
investigation.

This study provides preliminary evidence that differences in peripheral leukocyte gene
expression are associated with CAA severity. While further evaluation is needed, the peripheral
immune system including neutrophils and monocytes may contribute to clearance of beta-
amyloid, leading to decreased amyloid burden in the brain [32, 52, 56, 57, 75, 76, 125-127, 129].
Th17 cells may also contribute to inflammation and altered peripheral leukocytes responses in
CAA. Alterations in immune cell gene expression were also related to changes in cognitive
parameters, supporting a relationship of peripheral immune system to severity of CAA. Future

investigation of peripheral leukocyte involvement in CAA is of value, as immune cell
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interactions could be targeted to potentially enhance beta amyloid clearance, reduce
inflammation and cognitive decline in patients with CAA.

3.6 Figures and Tables

Table 2.1: Patient demographics in patients with cerebral amyloid angiopathy (n=22)

Mean Age (years £+ SD) 74 (£6.14)
Sex Female, n (%) 11 (50%)
Hypertension, n (%) 14 (64%)
Diabetes, n (%) 2 (9%)
Average Boston Criteria Score (0-6) 2 (0)
Average CAA-SVD Score (0-4)* 3.5 (£1.30)
cSS present, n (%) 12 (55%)
¢SS focal, n (%) 5 (23%)
¢SS disseminated, n (%) 7 (32%)
Average White Matter Hyperintensity 28.8 (£23.8)
Volume corrected for Intracranial Volume

(cm’ £ SD)

Average Perivascular Space Score (Wardlaw | 1.91 (£0.82)
scale) in Basal Ganglia at Baseline (0-4)**

Average Perivascular Space score (Wardlaw | 2.23 (£0.97)
scale) in Centrum Semiovale (0-4)**

Average Cerebral Microbleed Count (+ SD) 33.0 (+83.8)

Values are mean + the standard deviation. * Cerebral amyloid angiopathy small vessel disease
score (CAA-SVD Score) as in Charidimou et al [253]. **Enlarged perivascular spaces (EPVS)
were scored using the Wardlaw score [254] on T2-weighted MRI were separated based on levels
(0-4); level 0 being absent, level 1 (1-10 EPVS), level 2 (11-20 EPVS), level 3 (21-40 EPVS),
and level 4 (>40 EPVYS).

Table 2.2 Biologically significant genes associated with CAA-severity (CAA-SVD score)

Gene Name Partial Correlation P-value
Coefficient (1)
11234 0.61 0.00279
HDACI1 -0.56 0.00644
TRAILR2 0.51 0.01520
TRAILRI 0.59 0.00356
ICAM1 -0.61 0.00241
TRAIL -0.50 0.01730
PGLYRP? 0.52 0.01220
C5 0.53 0.01050

Table 2.3: Biological pathways determined by ingenuity pathway analysis associated with CAA

severity (CAA-SVD Score)
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Functional Associated Genes -log(p- Number of
Pathway value) Associated
Genes

Induction of T CD4, 1L234, IL27, MYDSS, RELB 2.65 5
lymphocytes
Binding of ALOXI5, CD4, FCGRIA, ICAM1, PLAU, 2.26 6
Antigen RELB
Presentation Cells
Tight junction BETIL, CLDNI10, CLDNI16, NECTIN2, 1.33 6
Signaling RELB, STXI1A4
IL-12 Signaling ALOX1S5, IL234, MAP2K1, MYDSS, RELB 1.31 5
and Production in
Macrophages
Activation of CD4, CRTC3, FCGRIA, GDNF, ICAM1, 2.70 16
Antigen IL234, MAP2K1, MFN2, MYDS&S8, PSMBS,
Presenting Cells RELB, SCN94, SERPINII, TNFRSF10B, TSHR,

TSPAN32
Activation of C5, CASR, CD4, CRTC3, GDNF, ICAM1, 2.05 16
Phagocytes 1L234, IL27, MAP2K1, MFN2, MYDSS,

NECTIN2, SCN9A4, SERPINII, TNFRSF10B,

TSPAN32

A Benjamini-Hochberg corrected p-value < 0.05 corresponds to —logio (Benjamini-Hochberg
corrected p-value) > 1.3.
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Figure 2.1: Dot plots of select differentially expressed genes based on CAA-severity (CAA-
SVD Score)
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Chapter 4: Conclusions and Future Directions

4.1 Summary of Findings

This study investigates changes in peripheral leukocyte gene expression that distinguishes
CAA from control patients and is associated with CAA severity. Differences in gene expression
delineating CAA from control patients included potential changes in beta-amyloid uptake by
phagocytes (TGFB1, CAMKID), extracellular matrix remodelling (ADAM15, CAPI), and
potential alterations in amyloid precursor processing (BRI3BP, SORCS3). A panel of 24 genes
differentially expressed in CAA demonstrate promise for distinguishing patients with CAA from
controls. Differences in blood cell gene expression associated with CAA severity were identified.
CAA severity associated genes included HDACI11, IL23A4, TRAIL, TRAILRI, TRAILR?2, and
ICAM-1. Pathway analysis revealed enrichment in signaling related to induction of T
lymphocytes, binding and activation of antigen presentation cells, IL-12 signaling in
monocytes/macrophages, and activation of phagocytes. The functional effects of these genes
require further evaluation but demonstrate differences in immune system responses in patients
with CAA compared to controls and in relation to CAA severity.
4.2 Limitations

Limitations of these discovery-based studies include small cohort sizes, thus future
investigation and validation in larger cohorts is required. Although there were no significant
differences in age, sex, or vascular risk factors between patients with CAA and controls or by
CAA severity, it remains possible that other factors could be involved. Due to the heterogenous
nature of CAA, further evaluation of gene expression changes associated with the CAA-SVD

score and individual imaging markers will be of interest. Additionally, it is possible that
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differences in mechanisms contributing to ischemic and hemorrhagic brain injury pathways may
be associated with different immune responses [300]. Further study in larger cohorts is required,
as there were limited patients on either end of the CAA-SVD score severity spectrum. In
summary, the role of peripheral leukocytes provides a novel contribution to CAA pathogenesis
and thus justifies future investigation in larger cohorts.
4.3 Future Directions

Future investigation of peripheral gene expression changes in CAA is of clinical interest,
as it could provide diagnostic or risk stratification information. Validation studies in larger
cohorts assessing the utility of the 24 gene prediction model in identifying patients with CAA is
warranted. Evaluation and validation of peripheral gene expression changes associated with
CAA severity is justified, as this may provide insight into novel risk stratification markers of
CAA. Further exploration of peripheral gene expression targets identified may shed insight into
mechanisms of CAA progression which could be evaluated for potential as therapeutic targets
for slowing CA A progression and cognitive decline. Protein level studies and investigation of the
proposed gene targets of interest may also be of interest to explore their functional effects in
CAA pathogenesis. Gene expression and protein level changes could also be evaluated in
relation to cognitive changes over time in CAA populations, potentially broadening our
understanding of pathways implicated in CAA related cognitive decline and progression.
Investigation of gene expression changes associated with individual markers of CAA-severity
could also provide information regarding the contribution of various features of the CAA-SVD
score to CAA. Lastly, exploration of expression level changes over time associated with

ischemic (microinfarcts, ischemic stroke, WMH progression) and hemorrhagic lesion burden
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(ICH, CMBs, ¢SS) may be of clinical value in determining differences in immune contribution to
brain injury present in CAA.
4.4 Conclusions

Immune system activation in cerebral amyloid angiopathy was explored through
evaluation of changes in peripheral leukocyte gene expression. A gene expression profile was
used to distinguish patients with CAA from control patients with a sensitivity and specificity
>95%. Differences identified by the gene expression profile included changes in beta-amyloid
uptake by phagocytes, structural changes to the extracellular matrix, and potentially altered
amyloid precursor protein processing. Overall, this suggests altered peripheral immune cell
responses may be contributing to CAA pathogenesis. With further investigation in larger cohorts,
this gene expression profile could potentially provide useful diagnostic information in CAA.
Alterations in leukocyte gene expression associated with CAA severity using the CAA-SVD
score were also presented. These changes in immune cell gene expression could be beneficial in
CAA risk stratification or identification of novel therapeutic targets. Alterations in peripheral
blood T cell, monocyte, and neutrophil responses were associated with CAA severity supporting
the contribution of altered blood immune cell activity in CAA. While this data was discovery
based and requires validation, the alterations in immune responses identified could be further
investigated for potential application in CAA diagnosis and risk stratification. Gene targets
identified to be differentially expressed in CAA and associated with CAA severity offer insight
into pathways contributing to CAA progression. These genes of interest and related signaling
pathways could be further explored for potential therapeutic targets in future CAA treatments.
Targeting of immune cell responses could provide clinical benefit in slowing CAA progression

and cognitive decline.
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Table S1.1 Differentially expressed genes in patients with cerebral amyloid angiopathy

compared to controls

Appendices

Gene P Fold Gene P Fold Gene D Fold
Change Change Change

POR 0.0002 -1.35 CMIP 0.0164 -1.24 EPHAIO 0.0325 -2.25
CAPI 0.0003 -1.30 HEATR5A 0.0166 -1.24 ZNF467 0.0326 -1.25
BRI3BP 0.0004 -1.35 SYCP2L 0.0167 -3.47 UBE2Q2P2 0.0327 -1.73
SCARNA7 0.0007 2.61 OR7EI3P 0.0167 -1.65 UBXN10 0.0327 2.90

PNPLA6 0.0007 -1.38 RELB 0.0167 -1.21 OGFOD3 0.0328 -1.25
MT-TA 0.0009 -1.71 ZBEDI 0.0167 -1.21 SASH3 0.0328 -1.24
SORCS3 0.0010 2.30 COQ84 0.0168 -1.28 GOLGASO 0.0329 -1.37
CAMKID 0.0011 -1.32 RPS7P10 0.0169 2.55 EMSLR 0.0329 -6.35
MT-TS1 0.0012 -1.48 PIGZ 0.0169 -2.23 PCBP2PI 0.0329 -2.21
ZNF596 0.0013 241 DEPDC7 0.0170 2.52 CELF3 0.0329 1.34

SEPTIN7P6 0.0014 -1.41 GYPE 0.0170 1.84 PTGIR 0.0330 -1.23
BCASI 0.0015 -2.47 RABACI 0.0171 -1.21 PLGRKT 0.0330 -1.48
FAM1074 0.0016 3.29 CWFI9L1 0.0171 -1.27 MT-TS2 0.0331 -1.30
KCNK6 0.0016 -1.30 SNX10 0.0172 -1.21 TBPLI 0.0333 1.31

PSMD?2 0.0017 -1.27 TMPRSS5 0.0173  2.67 MT2P] 0.0334 2.90

VACI4 0.0020 -1.55 CTRY 0.0173 -1.21 AURKAPI 0.0336 -1.32
KLHL32 0.0021 -5.51 PRSS33 0.0174 -1.69 SEPTINI4P8  0.0336 -3.35
RPSAP36 0.0023 -1.70 PLEKHJI 0.0174 -1.25 CCHCRI 0.0336 -1.60
CHAFIA4 0.0024 -1.37 SNRPEP2 0.0174 6.75 MBD3 0.0340 -1.25
GGTI 0.0025 -1.50 MT-ATP6 0.0175 -1.37 EPHB3 0.0340 -1.90
SLCOI1A2 0.0025 3.15 CAPNI 0.0175 -1.23 CNTNAP2 0.0341 -1.98
AGPAT2 0.0025 -1.34 MTARC?2 0.0175 3.59 LILRBI 0.0342 -1.23
ATF5 0.0026 -1.39 SUGPI 0.0176 -1.22 TECTA 0.0343 3.46

RPLI2P25 0.0027 4.17 MRPS7 0.0176 -1.24 FAMI157C 0.0343 -1.28
ZNF574 0.0028 -1.56 TLE3 0.0177 -1.23 ACKR2 0.0343 -1.85
CMKLRI 0.0028 -1.42 BMSIPI 0.0177 -1.41 FGFR2 0.0344 -2.54
ADGRE] 0.0029 -1.47 MARCO 0.0178 -1.49 RPL4P5 0.0344 -1.47
LBX2 0.0029 -3.77 EVAIB 0.0180 -1.43 MAP4K3 0.0344 1.37

CLECI114 0.0029 -2.06 TTLL4 0.0180 -1.32 RBFOX3 0.0344 -2.05
MT-CO3 0.0032 -1.33 ILK 0.0181 -1.27 COLCAl 0.0345 -2.46
SH3BGRL3 0.0032 -1.26 SUSD4 0.0181 -1.96 CIDP5 0.0346 -2.37
TBLIX 0.0033 -1.27 POLG 0.0183 -1.22 TNFAIPSL2 0.0346 -1.30
PLEKHB? 0.0034 -1.21 WNT5B 0.0184 -3.14 GRIK1 0.0347 -2.42
GRB2 0.0034 -1.24 ZNF524 0.0184 -1.25 RCANI 0.0349 -1.24
SNX17 0.0034 -1.23 AP3DI 0.0186 -1.22 LOXLI 0.0349 1.53

LFNG 0.0036 -1.28 CAPNI5 0.0186 -1.22 PTPA 0.0350 -1.25
HMOX1 0.0036 -1.35 GPS2 0.0187 -1.21 CCS 0.0351 -1.25
VCL 0.0036 -1.28 TMEM160 0.0187 -1.35 RASA4B 0.0351 -1.78
RRPI 0.0037 -1.49 CCDC1444 0.0188 -2.07 NIPALI 0.0351 -1.92
EVI2A 0.0037 1.58 ALDH?2 0.0188 -1.24 GUCAIB 0.0354 -1.59
TLCD5 0.0037 3.47 ATG4B 0.0189 -1.21 ORAI2 0.0354 -1.20
ADAMI5 0.0037 -1.28 ARMCY 0.0189 -2.20 PAQR7 0.0354 -1.42
NHP2 0.0037 -1.33 VPS37C 0.0190 -1.24 OR8H1 0.0355 2.75

RPL39P3 0.0038 6.70 CHD4 0.0190 -1.22 CALDI 0.0355 -1.51
GSTPI 0.0038 -1.21 ZNF138 0.0192 1.60 IMPA2 0.0357 -1.23
IFITM3 0.0038 1.80 ZNF440 0.0192 -1.31 HNRNPKP2 0.0359 -1.49
TPSTI 0.0038 1.67 MT-TF 0.0192 -1.40 NAGPA 0.0359 -1.29
GET3 0.0039 -1.29 NBPF10 0.0193 -1.29 SAC3DI 0.0359 -1.30
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0.0243
0.0246
0.0247
0.0248
0.0248
0.0250
0.0250
0.0251
0.0252
0.0252
0.0253
0.0253
0.0254
0.0255
0.0256
0.0257
0.0257
0.0257
0.0257
0.0259
0.0259
0.0260
0.0260
0.0261
0.0262
0.0265
0.0266
0.0266
0.0267
0.0267
0.0268
0.0272
0.0273
0.0273
0.0274
0.0276
0.0276
0.0278
0.0278

-1.29
-1.67
-1.23
-1.21
-1.21
-1.21
-1.38
1.75

1.33

1.89

-1.21
1.39

1.98

-1.21
-1.47
2.25

1.69

-1.21
1.29

2.70

-1.48
-1.23
-3.94
-1.27
-1.28
-1.22
-1.71
2.13

-1.29
-1.28
-1.97
-1.24
-1.35
-1.23
-1.27
2.28

-1.96
-1.51
-1.21
-1.28
1.93

-1.20
-1.25
-1.53
-1.21
-1.46
-1.22
6.34

-1.46
1.37

-9.70
-1.63
-1.25
-1.29
-1.21
-1.38

PCDHGB7
CEPII2
XAF1
XRCC1
SOWAHD
GHRLOS
TBCIDI10A4
SDADIPI
ERF
TIMD4
MYOM3
GOT2
PDESB
CCR3
HTD?2
ZRSR2P]
FASN
EEFIB2P6
PAFAH?2
ATP6VIG2
ZNF883
GRK6PI
MAMDC4
LETMIP2
FAM2074
SYNM
PTGFRN
STAT3
CDC27P1
ARL6
MYZAP
TMEMI183B
SULTIC4
TBCIDI10B
P2RX4
DCAF15
COMMD6
PLEKHDI
PNMAG6F
FRRS1
LRCH4
PDE6C
ITGA7
RIPORI
DCHSI
HDACI1
NT5DC3
LGALS3BP
PAOX
CAPN5
PYMI
FAMI10A4
BAX
ZNF703
COPRS
IF144

0.0410
0.0411
0.0412
0.0414
0.0414
0.0415
0.0416
0.0416
0.0416
0.0417
0.0417
0.0417
0.0420
0.0420
0.0422
0.0422
0.0422
0.0423
0.0423
0.0423
0.0423
0.0424
0.0425
0.0426
0.0426
0.0428
0.0428
0.0429
0.0432
0.0432
0.0435
0.0435
0.0435
0.0435
0.0435
0.0435
0.0435
0.0436
0.0437
0.0437
0.0437
0.0438
0.0439
0.0439
0.0440
0.0440
0.0440
0.0441
0.0442
0.0442
0.0443
0.0444
0.0444
0.0446
0.0447
0.0449

1.91

-1.84
1.44

-1.26
-1.26
-1.23
-1.30
-1.29
-1.20
-3.54
2.65

-1.23
-1.46
-1.40
-2.32
-1.28
-1.29
1.59

-1.21
1.67

2.13

-1.72
1.66

-2.33
-1.29
1.86

1.79

-1.21
-1.37
1.98

-1.69
1.90

-3.86
-1.21
-1.26
-1.30
1.72

-1.56
-4.22
-1.52
-1.20
2.64

1.65

-1.21
-1.90
-1.40
-1.42
1.41

-1.42
-1.56
-1.27
-1.23
-1.23
-1.37
-1.32
1.73
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SF342
OASL
DYRKIB
AKTISI
CFAP74
SEC6141
ADCY6
ELOB
CICP27
MRPL23
MCRIP2
KHK
MT-CYB
ZFP42
DIAPH3
P2RY?
ZNF117
SLC35D2
PTMAP3
PGAM1I
SMARCD?2
H24J
PHEX
CSNKIAIPI
SLC25411
VDACIPI
GSTM?2
CCNYL5
ZNF653
JAK1
MT-ND4
MT-TP
PTGDS
NUDT7
PSMD7
TIMMI17B
SMPD3
MT-ATPS
RBM22P5
NUDT3
SRPRA
OR2AGI
PDLIM7
RABSA
KPNA2
LRFN3
NREP
PRKACA
PLEKHA6
MT-TC
ACER3
CDI109
ZFP69
PSME3
LIMS1
FAM209B

0.0109
0.0110
0.0111
0.0111
0.0112
0.0113
0.0114
0.0115
0.0115
0.0116
0.0116
0.0118
0.0120
0.0121
0.0121
0.0121
0.0122
0.0122
0.0123
0.0125
0.0125
0.0125
0.0127
0.0127
0.0129
0.0129
0.0129
0.0130
0.0131
0.0133
0.0134
0.0134
0.0134
0.0138
0.0138
0.0139
0.0140
0.0140
0.0140
0.0141
0.0141
0.0141
0.0142
0.0142
0.0142
0.0142
0.0143
0.0144
0.0145
0.0147
0.0148
0.0149
0.0150
0.0150
0.0154
0.0154

-1.39
1.65

-1.30
-1.39
-2.55
-1.31
-4.71
-1.23
-1.33
-1.41
-1.57
1.84

-1.28
2.28

-1.77
-1.90
1.35

1.42

-2.56
-1.21
-1.21
-1.29
1.65

-2.27
-1.23
-3.54
-2.05
-2.47
-1.53
-1.21
-1.30
-1.41
-1.65
1.70

-1.22
-1.29
-1.41
-1.29
-1.50
-1.22
-1.28
-2.58
-1.33
-1.21
-1.39
-1.51
-1.41
-1.21
-6.04
-1.53
-1.26
-2.12
1.64

-1.22
-1.23
1.91

PIK3R6
MINDY4
SCRN3
MFAPI
PEAIS
C100rf55
IFI44L

MACROH2A42

RNF207
RPAPI
GRK3
AACS
ARMCX1
RBMSB
BRD4
ZNF430
Cl19orf44
H4C14
GPRI137
TRIO
COPG1
FAHD2CP
TMEDS
SERP2
SPHK1
C19orf73
MAP2K2
MTNDIP23
MAST4
EIF4EBPI
MEF2C
NUFIPI
RGS17P1
DAB2
RPS13P2
PNKD
TECPRI
AP2M1
CERS2
CD93
MEDI8
PRR7
PLEKHG4B
ILI5SRA
MAF1
DIPKIB
ENKUR
ROGDI
CCDC86
EPSTII
MT-ND5
CD99L2
SCRIB
RSAD?
IFT80
MARCKS

0.0278
0.0280
0.0280
0.0281
0.0281
0.0281
0.0282
0.0282
0.0282
0.0284
0.0284
0.0286
0.0287
0.0287
0.0287
0.0287
0.0287
0.0288
0.0289
0.0289
0.0289
0.0289
0.0291
0.0292
0.0292
0.0292
0.0294
0.0294
0.0295
0.0295
0.0295
0.0296
0.0297
0.0297
0.0297
0.0298
0.0299
0.0299
0.0299
0.0300
0.0301
0.0301
0.0302
0.0302
0.0303
0.0303
0.0304
0.0308
0.0308
0.0309
0.0310
0.0310
0.0310
0.0310
0.0311
0.0313

-1.45
2.70

1.30

-1.22
-1.22
2.06

2.32

1.67

-2.37
-1.28
-1.25
-1.30
1.90

-1.24
-1.21
-1.23
-2.15
-1.55
-1.33
-1.32
-1.23
2.03

-1.20
2.87

-1.61
2.02

-1.20
-1.38
-1.29
-1.34
-1.22
-1.30
-1.33
-1.30
1.87

-1.22
-1.23
-1.25
-1.22
-1.25
-1.27
-1.36
-4.04
1.75

-1.31
-1.52
-1.56
-1.27
-1.62
1.59

-1.29
-1.23
-1.24
2.22

1.34

-1.22

HOXAIO
0A4S3
C8orf38
LNX2
MARKA4
PEMT
RPS154P38
RHOQP3
VSTMI1
TDRGI
ARHGAP3S5
SNDI
LETMI
SCIN
BLVRB
ZNF366
WASH2P
VIWCE
BCLI14
SRP68
PI4K24
SGF29
RRAGB
C170rf99
SLC3742
CLIC3
STK32B
PRPFIS
FGGY
MCM6
NBAS
ZMIZ2
NAXE
LGALSI?2
C90rf16
CHMPA4C
YDJC
KLHL35
ELMOI
ST8SIA6
VPSIS
RPS14P5
HLA-C
ANKRD29
WIPF3
TERC
DNAAFS
ZNF836
KLHLS
PRG4
BPHL
CMPK?2
HECTD3
MSRB3
FI2
TRIM2?2

0.0450
0.0450
0.0450
0.0450
0.0450
0.0451
0.0451
0.0452
0.0452
0.0452
0.0452
0.0453
0.0453
0.0453
0.0454
0.0454
0.0457
0.0457
0.0459
0.0460
0.0460
0.0461
0.0462
0.0462
0.0462
0.0462
0.0463
0.0465
0.0465
0.0466
0.0466
0.0466
0.0467
0.0468
0.0468
0.0469
0.0470
0.0470
0.0471
0.0473
0.0474
0.0474
0.0476
0.0476
0.0476
0.0478
0.0480
0.0481
0.0483
0.0483
0.0483
0.0483
0.0484
0.0484
0.0487
0.0487

-1.42
1.73

-1.32
1.34

-1.24
-1.30
1.79

-1.68
-1.33
-2.87
-1.23
-1.21
-1.24
-2.46
-1.39
-1.39
-1.22
-1.64
-1.27
-1.24
-1.22
-1.25
-1.45
-1.68
-1.25
-1.30
-2.28
1.21

-1.41
-1.30
-1.21
-1.22
-1.22
-1.45
-1.22
-1.52
-1.25
-1.81
-1.21
-1.37
-1.27
-1.82
1.38

-2.70
-1.92
2.58

-1.32
1.23

-1.20
1.85

-1.56
1.71

-1.23
-1.43
1.40

1.24
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KNSTRN 0.0155 -1.44 METTLI5SPI 0.0313 -2.06 ZNF629 0.0488 -1.38

TAGLN?2 0.0155 -1.23 ANP32BP1 0.0315 -1.48 PRKAA2 0.0488 3.04

TMTC4 0.0155 1.40 INOSO 0.0316 -1.23 PDE6G 0.0488 -1.59

SLC35G1 0.0158 -1.59 AGAP3 0.0317 -1.22 HBA2 0.0488 -1.46

SKPIP1 0.0159 -2.76 SPNS3 0.0317 -1.53 FABPS 0.0489 -1.32

MZT2B 0.0160 -1.25 SUDS3P1 0.0320 -1.25 BLOC1S54 0.0491 1.25

DUBR 0.0160 1.81 AP2S1 0.0322 -1.24 IFIT] 0.0491 1.72

CORO7 0.0160 -1.21 TUBA3FP 0.0323 -2.43 DDX394 0.0493 -1.27

KRTI8P5 0.0160 -2.51 CLC 0.0324 -1.41 CHSTI3 0.0498 -1.35

TKT 0.0160 -1.23 TRAF3IP2 0.0324 -1.27 FAM30A4 0.0498 -1.44

CHMPS5 0.0161 1.38 BCAS3 0.0324 -1.21 SMCIA 0.0498 -1.22

ZNF630 0.0161 1.84 SLC35B4 0.0324 -1.27 PTPRK 0.0500 -1.67

PRMT?7 0.0163 -1.37 PRKX 0.0325 -1.25 EPHAIO 0.0325 -2.25
Table S2.1 Genes associated with cerebral amyloid angiopathy severity

Partial Partial

Gene P-value Correlation Gene P-value Correlation

NUDTI17 0.00004 0.76 USP2 0.00974 0.54

EBAGI9P] 0.00016 -0.72 TMEMS51 0.00977 -0.54

TRIM7 0.00020 0.71 SNORAIB 0.00991 0.54

SLC35GS5 0.00021 0.71 KCNG2 0.00998 0.54

ZNF177 0.00043 0.69 RN7SL850P 0.00999 -0.54

WNT6 0.00046 0.68 SNX33 0.01002 0.54

PIP5KIB 0.00050 -0.68 PEBPI 0.01009 0.54

LZTS1 0.00056 -0.68 ORSB9P 0.01012 0.54

BETIL 0.00063 0.67 MIPOLI1 0.01014 -0.54

C220rf39 0.00071 0.67 ZC2HCIC 0.01015 0.54

URM]1 0.00076 0.66 ZNF12 0.01018 0.54

RTKN 0.00080 -0.66 CASC9 0.01025 0.54

WDR78 0.00084 0.66 CNIH1 0.01026 0.54

POLRIC 0.00088 0.66 MRPL20-AS1 0.01028 0.54

CFLIPI1 0.00118 0.65 FANCG 0.01030 0.54

TLN2 0.00130 -0.64 MPG 0.01034 0.53

NUPI107 0.00133 0.64 SELENOF 0.01052 0.53

CDK14 0.00146 -0.64 Ch5 0.01054 0.53

PLODI1 0.00148 -0.64 ATP8A2 0.01055 0.53

SH3BP4 0.00152 0.63 DIAPH3 0.01061 -0.53

HSPDIPI0 0.00154 -0.63 TREH 0.01064 0.53

NECTIN2 0.00154 -0.63 CACNA2D3 0.01078 0.53

SORCS3 0.00162 0.63 PIP5KL1 0.01079 0.53

FXYD6 0.00167 0.63 ILVBL 0.01081 0.53

ZNF137P 0.00174 -0.63 CASR 0.01081 0.53

AMZ2P] 0.00178 0.63 TTC6 0.01081 -0.53

MTATPSPI 0.00183 0.63 NIFKP4 0.01097 -0.53

SPCS1 0.00184 0.63 CIDEB 0.01100 0.53

GNAQPI 0.00185 -0.63 ABCA9 0.01101 0.53

JOSD2 0.00187 0.62 NEXMIF 0.01103 0.53

SLITRKS 0.00193 -0.62 KCNAB3 0.01114 0.53

MFN2 0.00193 -0.62 ZNF670 0.01116 0.53

TMEM150B 0.00197 0.62 DPRXP4 0.01117 -0.53

DNAJAIP2 0.00204 -0.62 THEM6 0.01117 0.53

BCL2L2-

PABPNI1 0.00207 0.62 Cllorf4s 0.01123 0.53
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MASTI
TSHR
CFAP298
ZDHHC7
KLRC2
AARS?2
TM6SF1
PREP
GDPGPI
FDX2
1CAM1
CD4
ACOTS
H4Cl14
SLC46A42
FAMS9A4
PROSER2
IL234
SLC3542
NUDTI2
ATP8AI
MUC6
HARIA
RNASE4
IGFLRI
FTHIPII
PRR4
TNFRSF124
WRAP73
MIR646HG
METTL21A4
RPLI3API2
CEBPG
SNORASOE
ALDHI18A41
RNYIPY
NOPI6
JAGNI
SRGAP2C
NXT1
TMEMI15
KCP
RNY4P23
TEX2?2
RN7SLS827P
OR2AT4
RWDD4PI
CRTC3
SRSFI12
SNORDI19B
DHX9P1
BEST?
POLDIP?
RN7SL448P
ZNF469
TMEMI140

0.00209
0.00214
0.00219
0.00219
0.00220
0.00220
0.00223
0.00235
0.00236
0.00241
0.00241
0.00241
0.00241
0.00252
0.00253
0.00265
0.00274
0.00279
0.00281
0.00283
0.00292
0.00294
0.00302
0.00334
0.00335
0.00338
0.00355
0.00356
0.00364
0.00364
0.00368
0.00374
0.00374
0.00375
0.00379
0.00383
0.00386
0.00404
0.00407
0.00410
0.00411
0.00413
0.00414
0.00421
0.00432
0.00438
0.00444
0.00446
0.00450
0.00450
0.00452
0.00456
0.00466
0.00471
0.00485
0.00491

-0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.61
0.61
0.61
-0.61
0.61
0.61
-0.61
0.61
0.61
0.61
0.61
0.61
0.61
0.60
-0.60
0.60
0.60
0.60
-0.60
0.59
0.59
0.59
-0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
-0.59
0.59
-0.59
0.58
0.58
0.58
0.58
0.58
-0.58
-0.58
0.58
0.58
0.58
0.58
-0.58

SHO!I
NEUROD?2
ANXAI3
IL20RB
FCHOI
ABCBI0
STRAP
CLDNI6
GREMI
SCRG1
TRAF7
CABLESI
TRITI
SCN9A
SNHGIS8
XKR9
AICF
WDR11-ASI
797634.1
MANIBI
H4CI1
CTNNALI
PLAU
SERPINII
TDRKH
ZNF543
PGLYRP2
ST13P19
SNORDS6
OR4FIS5
1L27
ZNF781
OR341
STX1A4
GBPS
SLC35BI
NBDY
FXYD3
PPPIRI3L
BSPRY
ZC3HC]I
F843
KCNG4
TUBAIB
MZTI
GSTA4
RN7SL589P
CENPF
0GGI
ZNF628
POMZP3
NDUFA3
ZNF3854
ANKRD134
IRAK?
MYDSS8

0.01131
0.01134
0.01139
0.01141
0.01143
0.01145
0.01150
0.01151
0.01151
0.01152
0.01154
0.01160
0.01175
0.01178
0.01182
0.01186
0.01190
0.01191
0.01191
0.01193
0.01199
0.01208
0.01211
0.01214
0.01218
0.01218
0.01222
0.01227
0.01228
0.01251
0.01256
0.01259
0.01269
0.01272
0.01274
0.01277
0.01278
0.01278
0.01278
0.01279
0.01289
0.01292
0.01295
0.01297
0.01298
0.01298
0.01299
0.01305
0.01306
0.01306
0.01309
0.01318
0.01335
0.01345
0.01347
0.01347

0.53
-0.53
-0.53
-0.53
0.53
0.53
0.53
0.53
-0.53
0.53
0.53
0.53
0.53
-0.53
0.53
-0.53
0.53
-0.53
-0.53
0.53
-0.53
-0.53
0.53
-0.52
0.52
-0.52
0.52
0.52
-0.52
-0.52
-0.52
0.52
0.52
0.52
-0.52
0.52
0.52
-0.52
0.52
-0.52
0.52
-0.52
0.52
-0.52
0.52
0.52
0.52
0.52
0.52
0.52
-0.52
0.52
0.52
-0.52
-0.52
0.52
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MLPH
GAS6
MNI
TUFTI
ZSWIM3
C170rf99
PSMAI
LDHD
FCGRIA
SLC25410
THAPI I
ANG
RPL23AP47
TAS2R14
ZNF816
PLIN4
EVC2
SEMA5A
THAPY
XYLT?
ABCAS
SCARNAS
HDACI1
TYSNDI
ARHGAP42
WDR830S
DBF4B
ZNFI138
ARLI
PIAS3
FAM245B
UQCRFSI
COX84
RPL23A4P45
EIFSALI
ALOXI5
NRIP3
BUD23
DHRS9
TTC27
PSMDI11
RN7SL66P
RPS26
MTIF
MUSS1
CRYGS
CLDNI0
GPKOW
CREG2
ERI2
SNORA64
INAVA
TCTA
SLC1A7
PRMTS
PDLIM4

0.00492
0.00493
0.00499
0.00505
0.00508
0.00528
0.00552
0.00557
0.00557
0.00561
0.00563
0.00563
0.00578
0.00585
0.00585
0.00587
0.00602
0.00611
0.00622
0.00623
0.00628
0.00630
0.00644
0.00644
0.00648
0.00657
0.00660
0.00663
0.00667
0.00668
0.00676
0.00679
0.00695
0.00695
0.00696
0.00696
0.00699
0.00703
0.00706
0.00722
0.00726
0.00731
0.00735
0.00739
0.00741
0.00741
0.00742
0.00746
0.00747
0.00752
0.00755
0.00757
0.00758
0.00761
0.00764
0.00768

0.58
0.58
-0.58
-0.58
0.58
-0.57
0.57
-0.57
-0.57
0.57
0.57
0.57
-0.57
0.57
0.57
-0.57
0.57
-0.57
-0.56
0.56
-0.56
0.56
-0.56
0.56
0.56
0.56
-0.56
0.56
0.56
-0.56
0.56
0.56
0.56
-0.56
0.56
-0.56
-0.56
0.56
-0.56
0.56
0.56
0.56
0.55
0.55
0.55
0.55
0.55
0.55
-0.55
0.55
-0.55
-0.55
-0.55
0.55
0.55
-0.55

ROPNIB
PRMTY
HAPLN1
TXNRD3
DGCR6L
PANTRI
SODIPI
PPPIR2P6
NSG1
PSMG2
THOC3
RPS4X
MANICI
FAM1074
AIFIL
SEMAGB
TEADI
PSMBS
D2HGDH
AJAPI
SPATAGL
TSFM
KLHLI2
CCDCY
TMEM129
B3GNT3
CCRS
DNAJC4
TRPTI
TCF23
ABO
FAMS3D
DPYI19L4P1
GOLGA2PI
NTSE
MTCOIP51
CYP246
AS3MT
RCEI
LNCTAM344
HSPD1P9
WDR77
HHIPL?
TNFRSF10B
OR24G1
SLCI245
GP5
ACSBG?2
SARDH
LRRIQ3
RABIIFIPS
VMA21
RASGRP2
ZNRF2PI1
FAM8A3P
SLC244RG

0.01365
0.01366
0.01369
0.01370
0.01373
0.01374
0.01379
0.01381
0.01387
0.01389
0.01401
0.01404
0.01405
0.01418
0.01419
0.01419
0.01420
0.01421
0.01422
0.01423
0.01425
0.01427
0.01431
0.01435
0.01440
0.01449
0.01456
0.01471
0.01472
0.01474
0.01476
0.01483
0.01483
0.01485
0.01489
0.01490
0.01492
0.01497
0.01501
0.01501
0.01502
0.01510
0.01511
0.01519
0.01521
0.01524
0.01526
0.01528
0.01532
0.01533
0.01535
0.01536
0.01540
0.01542
0.01550
0.01554

-0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.51
0.51
-0.51
0.51
0.51
-0.51
0.51
0.51
0.51
-0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
-0.51
-0.51
0.51
0.51
-0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
-0.51
-0.51
-0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
-0.51
0.51
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NRNI
AGBLS
MEDI6
GAPDH
SFT2D3
SNORA20
ULK3
FBP]
EAF1
CATSPERI
Clorfl62
PDE2A4
FAM1534
PITPNM3
IGFBP7
SLC6A415
KRT73
GREM?2
GDF7
ANKRD24
SPATA2
FAMI131B
OR5ANI
UPF3A4P1
MYOIB
PMP22
SUSD4
NPIPBI1
DTYMK
MEDI15P9
RNU6-638P
APOL4
EDDM13
SIRPD
EPDRI
OR7E46P
MEDG6P1
C2orf81
ZNF304
FBX028
TPTEP2-
CSNKIE
ATP1A4
CCDC39
PKD2L1
FUCA2
RALGPS1
KRTS86
RNA5SP242
DOCK6
TMOD4
CHST6
EDA
OR56A41
AXINI
GDNF

0.00772
0.00776
0.00777
0.00778
0.00780
0.00793
0.00794
0.00794
0.00799
0.00804
0.00810
0.00819
0.00837
0.00840
0.00840
0.00840
0.00844
0.00844
0.00845
0.00848
0.00849
0.00856
0.00858
0.00859
0.00862
0.00863
0.00864
0.00865
0.00866
0.00868
0.00871
0.00873
0.00876
0.00880
0.00890
0.00895
0.00895
0.00915
0.00924
0.00924

0.00925
0.00926
0.00926
0.00928
0.00930
0.00932
0.00933
0.00935
0.00935
0.00936
0.00936
0.00941
0.00941
0.00949
0.00958

-0.55
0.55
0.55
0.55
0.55
-0.55
0.55
0.55
0.55
0.55
0.55
-0.55
0.55
-0.55
0.55
0.55
0.55
0.55
0.55
-0.55
0.55
0.55
-0.55
0.55
0.55
0.55
0.55
0.55
0.55
-0.55
-0.55
-0.54
0.54
-0.54
0.54
-0.54
-0.54
-0.54
0.54
0.54

-0.54
0.54
-0.54
0.54
0.54
0.54
0.54
0.54
-0.54
0.54
0.54
0.54
-0.54
0.54
0.54

GTF2IP5
OPRDI
MSRA
SMIM6
ABITRAMP]I
ARLY
BIVM
DNAI2
DNASE2
PLA2G7
SLC3643
SNORDIB
TSPAN32
TRIM71
OR2V72
DDIAS
GSK34
MOCS?
CCNYL6
HNRNPKP3
OR2412
SNORA40B
ARL4APS
SPATA20
RXFP4
RPL37P6
PPPIRI7
RN7SL804P
ZNF517
PPAI
SNHG7
DGCRY
IQANK]
OVCA2
ZNF493
MRPL21
MTND5P14
NHLHI
GABRA?
TRPV3

GRK4
RNF40
SPINK1
LYPLAI
FAMI167B
ORCo6
RPS4XP2
APOL2
ILI5RA
KDELR?
ORI0HS5
ADSS1
MAP2K]
MIR205HG
HAUS4

0.01560
0.01561
0.01566
0.01567
0.01571
0.01576
0.01576
0.01576
0.01595
0.01597
0.01602
0.01604
0.01615
0.01617
0.01624
0.01627
0.01627
0.01630
0.01631
0.01633
0.01639
0.01639
0.01642
0.01643
0.01645
0.01650
0.01655
0.01659
0.01662
0.01664
0.01665
0.01666
0.01666
0.01667
0.01670
0.01680
0.01682
0.01687
0.01691
0.01694

0.01694
0.01696
0.01696
0.01697
0.01707
0.01708
0.01709
0.01727
0.01729
0.01729
0.01738
0.01740
0.01742
0.01743
0.01749

-0.51
-0.51
-0.51
0.51
-0.51
0.51
0.51
0.51
-0.51
0.51
-0.51
0.51
0.51
-0.51
0.51
0.51
-0.51
0.51
-0.51
-0.51
0.51
0.51
-0.51
0.51
-0.51
0.51
0.50
0.50
0.50
0.50
0.50
0.50
-0.50
0.50
0.50
0.50
-0.50
-0.50
0.50
0.50

0.50
-0.50
-0.50
0.50
0.50
0.50
0.50
-0.50
0.50
0.50
-0.50
-0.50
0.50
-0.50
0.50
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FADS6
FRMPD3
PLP2
RELB
GALNT2
NUDTI7
EBAGI9PI
TRIM7
SLC35G5
ZNF177

0.00958
0.00964
0.00968
0.00969
0.00971
0.00004
0.00016
0.00020
0.00021
0.00043

0.54
-0.54
0.54
-0.54
0.54
0.76
-0.72
0.71
0.71
0.69

AAAS
ZCCHC3
E2F3P2
PEGI0
MAGEEI]
USP2
TMEMS51
SNORA1B
KCNG2
RN7SLS850P

0.01759
0.01760
0.01772
0.01777
0.01781
0.00974
0.00977
0.00991
0.00998
0.00999

0.50
0.50
-0.50
-0.50
0.50
0.54
-0.54
0.54
0.54
-0.54
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