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Abstract

Small cerebral vascular disease (SCeVD) demonstrated by white matter hyperintensity (WMH) on
MRI contributes to the development of dementia in Alzheimer's disease (AD), but it has not been
possible to correlate onset, severity, or protein components of SCeVD with characteristics of
WMH in living patients. Plasma endothelial-derived exosomes (EDES) were enriched by two-step
immunoabsorption from four groups of participants with no clinical evidence of cerebrovascular
disease: cognitively normal (CN) without WMH (CN without SCeVD, n = 20), CN with SCeVVD
(n = 22), preclinical AD (pAD) + mild cognitive impairment (MCI) without SCeVD (pAD/MCI
without SCeVD, n = 22), and pAD/MCI with SCeVD (n = 16) for ELISA quantification of cargo
proteins. Exosome marker CD81-normalized EDE levels of the cerebrovascular-selective
biomarkers large neutral amino acid transporter 1 (LAT-1), glucose transporter type 1 (Glut-1), and
permeability-glycoprotein (p-GP, ABCB1) were similarly significantly higher in the CN with
SCeVD and pAD/MCI with SCeVD groups than their corresponding control groups without
SCeVD. CD81-normalized EDE levels of AB40 and AB42 were significantly higher in the
pAD/MCI with SCeVD group but not in the CN with SCeVD group relative to controls without
SCeVD. Levels of normal cellular prion protein (PrPc), a receptor for amyloid peptides, and
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phospho-181T-tau were higher in both CN and pAD/MCI with SCeVD groups than in the
corresponding controls. High EDE levels of Ap40, AB42, and phospho-181T-tau in patients with
WMH suggesting SCeVD appear at the pre-clinical or MCI stage of AD and therapeutic lowering
of neurotoxic peptide levels may delay progression of AD angiopathy.
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INTRODUCTION

Patients with Alzheimer's disease (AD) have a high prevalence of cerebrovascular disease,
small cerebral infarcts, and cerebral microhemorrhages which contribute to an increased
incidence of dementia.1-3 Cerebral vascular dysregulation and diminished cerebral blood
flow are among the earliest pathophysiological changes of AD.4® In contrast to the cerebral
large vessel atherosclerosis underlying many ischemic strokes in elderly without AD, but
with broadly prevalent vascular and metabolic risk factors, diverse forms of small
cerebrovascular diseases predominate in AD.%7 Up to one-half of patients with AD have
cerebral small vessel amyloid angiopathy and more than one-third of AD patients have
cerebral small vessel arteriosclerosis at autopsy.8-10 Several genome-wide association
studies have demonstrated shared genetic risk factors involving abnormal cholesterol
metabolism and immune responses for small cerebral vascular diseases (SCeVDs) and AD,
but not for ischemic stroke from large cerebral vessel diseases and AD.1! As presentation of
SCeVD often precedes that of neuronal and other CNS cellular changes in AD, questions
remain about whether early ischemia and hypoxia or failure of circulatory clearance of
neurotoxic factors are primary events that contribute to the enhancement and spread of
proteinopathic neurocellular disease.

A wide range of neuroimaging investigations, employing different MRI techniques and
segmentation methods to quantify white matter hyperintensity (WMH), have confirmed and
further elucidated the nature and pathogenic involvement of SCeVD in AD.12 For example,
global SCeVD assessed by the total of WMH volume plus volumes of small lacunar infarcts
correlated with reductions in integrity of specific regions of corticocortical gray matter.13
These findings suggested that SCeVD in AD is linked to the disruption of cortical gray
matter networks. Contemporaneous application of the sophisticated methods of arterial spin-
labeled MRI, 3DT1-MRI, and ethylcysteinate dimer single-photon emission computed
tomography showed most significantly reduced cerebral blood flow in regions with the
greatest atrophy, such as the medial temporal cortex, which in turn correlated with
diminished language skills.1* The results of such studies suggest that early SCeVD in AD
damages the white matter structures and consequently disrupts the cortical gray matter
networks. Other MRI studies of different design supported these conclusions that cortical
lesions, such as microinfarcts and diffuse neuronal loss, develop in neuroanatomic and
temporal relationships with SCeVD in AD.1516 Much of the vascular disturbance in early
AD is attributable to capillary constriction by AP peptide stimulation of pericytes, that
contract in response to released endogenous endothelin-1.17 The sources of Ap peptides and
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other vasoactive factors, that damage small cerebral blood vessels and result in regional
ischemia and enhanced effects of neurotoxins early in the course of AD, remain to be
determined.

We now show that levels of the endothelial toxins AB40 and AB42 in plasma endothelial-
derived exosomes (EDEs) of patients with preclinical AD (pAD) or mild cognitive
impairment (MCI) with WMH by MRI are elevated relative to those with similar WMH who
were cognitively normal (CN) and lacked evidence of AD and to those with pAD/MCI who
lacked WMH.

21 MATERIALS AND METHODS
2.11 Study participants

Blood was obtained prospectively from research participants being evaluated in ongoing
longitudinal studies of AD and cerebrovascular diseases at the Sanders-Brown Center on
Aging of the University of Kentucky (UKy) and studies of brain aging at the Memory and
Aging Center of the University of California, San Francisco (UCSF). No participants from
either source had a history of stroke or transient ischemic attack or any clinical evidence of
cerebrovascular disease. Further, none of the participants had been taking aspirin or a statin
for at least 4 weeks prior to MRI and blood donation. Study protocols and procedures were
approved by the UCSF and UKYy Institutional Review Boards and were all conducted in
accordance with the Code of Ethics of the World Medical Association. All study participants
provided written informed consent.

The inclusion criteria (Table 1) for the 42 CN participants at UCSF and UKy encompassed
intact daily functioning according to a reliable informant (CDR = 0) and other
neuropsychological performances within normative standards including MMSE.18 All had
normal CSF levels of Ap42 and P-T181-tau. The 38 participants at UKy and UCSF having
preclinical AD (pAD) or MCI were classified according to the established criteria.19:20 All
were so defined by clinical neuropsychiatric evaluation and at least one of the following
criteria (Table 1): (a) global Clinical Dementia Rating (CDR) = 0 (pAD) or CDR = 0.5
(MCI) and/or Mini-Mental State Examination (MMSE) <28 (MCI), and (b) cerebrospinal
fluid (CSF) level of AB42 <192 pg/mL and that of P-T181-tau >23 pg/mL.21

2.21 MRI acquisition, processing, and analyses

Participants at UCSF and UKy were scanned with the same type of Siemens Prisma
3Tsystem and images were analyzed by the methods described.22-23 All images at both
UCSF and UKy were rated for burden of WMH by a board-certified neurologist in addition
to being reviewed by a neuroradiologist to rule out other significant abnormalities. WMH
volumes were obtained from T2-weighted FLAIR images using visual grading and an
automated method for quantification and localization. Total WMH volume was estimated by
summing all the voxels classified as WMH and normalized for total intracranial volume.
Those with a modified Fazekas score = 2 or with a ratio of WMH volume to total
intracranial volume >0.22 were considered to have SCeVD, which included 22 for the CN
set and 16 for the pAD/MCI set (Table 1). Those with a modified Fazekas score < 2 or with
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a ratio of WMH volume to total intracranial volume < 0.22 were considered to be free of
significant SCeVD, which included 20 for the CN set and 22 for the pAD/MCI set.

Enrichment of plasma EDEs and extraction of cargo proteins

At the time of enrollment in the current study and prior to any study treatments, blood was
drawn from each participant for platelet-poor plasma preparation according to a published
protocol.?4 Platelet-poor plasma samples were apportioned and stored in 0.25 mL aliquots at
- 80°C. EDEs were precipitated with ExoQuick (System Biosciences, Menlo Park, CA),
resuspended, and enriched by sequential immunoprecipitation with biotinylated anti-CD31
mouse monoclonal antibody (MEM-05, ThermoFisher Scientific) and then biotinylated anti-
CD146 goat antibody (AF9-32, Biotechne, Novus Biologicals, Littleton, CO, USA) prior to
lysis for quantification of cargo proteins by ELISAs.2224 Five percent of suspensions of
enriched EDEs were saved prior to addition of detergent for counts and sizes using a
Nanosight NS500 system with a G532nm laser module and NTA 3.1 nanoparticle tracking
software (Malvern Instruments, Malvern, United Kingdom) as described.24 To assess the
association of biomarker proteins with exosomes in representative preparations of
extracellular vesicles, 150 pL portions of suspensions of intact EDEs were precipitated with
1 ug of biotinylated anti-human CD81 antibody (M38, Abcam, Cambridge, MA) in 25 L of
3% BSA plus 10 pL of streptavidin-agarose Ultralink resin (ThermoFisher Scientific) in 40
pL of 3% BSA, and incubation for 30 minutes at room temperature with mixing. After
centrifugation, acetic acid release of EDEs, recentrifugation, neutralization of supernatant,
detergent lysis of free EDEs as for the initial enrichment procedure, and adjustment of
volume to 150 pL, these preparations were analyzed by selected ELISAs in parallel with
primary preparations of EDEs.

Proteins in extracts of EDEs and CSF were quantified with human-specific ELISAs for prion
cellular protein (PrPc), glucose transporter type 1 (Glut-1), permeability-glycoprotein (p-gp,
ABCB1), and the tetraspanning exosome marker CD81(Cusabio-American Research
Products, Waltham, MA, USA), the large neutral amino acid transporter 1 (LAT-1) (Cloud-
Clone Corp.-American Research Products), phospho-threoninel181-tau (P-T181-tau)
(FUJIREBIO, US, Inc, Malvern, PA), and AB42 (ultrasensitive) and AB40 (Invitrogen,
ThermoFisher Scientific, Vienna, Austria). All EDE enrichments and ELISAs were
performed by one investigator (EJG).

Statistical analyses

The Shapiro-Wilks test showed that data in each set, except for four, were distributed
normally. Groups of data were compared using an unpaired Student's ¢test, including a
Bonferroni correction (Prism 7; GraphPad Software, La Jolla, CA, USA). For the four
nonnormally distributed sets, significance was determined by a Mann-Whitney U'test. We
performed age- and sex-adjusted linear regressions to confirm results and ensure that
findings were not explained by confounding due to age and sex.
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RESULTS

The four groups were similar for sex and means of age and education with the exception of
distribution of sex in the two CN subgroups (Table 1). None of the participants in any group
had a history of stroke, transient ischemic attack or any other clinical evidence of
cerebrovascular disease. Tests of neuropsychiatric function, cognition and CSF proteins
established the characteristics of the two pAD and MCI groups, that were considered
together.

Levels of the CD81 exosome marker were similar to those found previously in two
immunoabsorption step preparations of EDEs and were indistinguishable statistically among
the groups (Figure 1).22:24 EDE Nanosight counts (mean + SEM) supported the lack of
differences between CD81 levels for the CN without SCeVD, CN with SCeVD, pAD/MCI
without SCeVD and pAD/ MCI with SCeVD groups, respectively, at 6.8 + 0.6 x 109/mL,
7.2+0.7 x 109/mL, 8.1 + 0.8 x 109/mL, and 7.5 + 0.8 x 109/mL. EDE sizes by Nanosight
also were indistinguishable for the four groups at 110 + 18 nm (mean £ SEM), 115 + 24 nm,
96 + 16 nm and 116 + 22 nm, respectively. LAT-1, Glut-1, and P-gp, the three protein
biomarkers expressed exclusively in cerebrovascular EDEs, 2527 also were found in the
current EDE preparations at CD81-normalized levels observed previously. Further, the
CD81-normalized levels of all three of these cerebrovascular EDE markers were similarly
significantly higher in the groups with greater WMH, as an indication of SCeVD, than their
corresponding control groups without SCeVD for both CN and pAD/MCI sets (Figure 1).
This finding supports the presence of cerebrovascular endothelial perturbation and/or injury
of the same severity in both groups of subjects with SCeVD relative to their respective
control groups without SCeVD. CD81-expressing extracellular vesicles, presumed to be
exosomes, were isolated by CD81 immunoabsorption from six primary preparations each of
the CN and pAD/MCI sets with SCeVD for comparative ELISA quantification of LAT-1 and
Glut-1 before and after further immunoisolation of exosomes. The mean + SEM levels of
LAT-1 were 1523 + 192 and 1561 + 289 pg/mL in the primary and 1264 + 141 and 1300 +
243 pg/mL in CD81-selected exosome (83% and 83% of primary) preparations for the CN
and pAD/MCI sets, respectively. The mean + SEM levels of Glut-1 were 1088 + 66.9 and
1164 £ 85.3 pg/mL in the primary and 855 + 92.0 and 863 + 67.4 pg/mL in CD81-selected
exosome (79% and 74% of primary) preparations for the CN and pAD/MCI sets,
respectively.

The EDE levels of Ap40 and Ap42 protein markers of amyloid angiopathy were
significantly higher in the pAD/MCI with SCeVD group than the control pAD/MCI without
SCeVD group, but not in the CN with SCeVD group than the CN without SCeVD group
(Figure 2). In contrast, CD81-normalized EDE levels of the putative amyloid peptide-
binding protein PrPc and P-181T-tau were significantly elevated in both the CN with SCeVD
and pAD/MCI with SCeVD groups relative to their respective control groups without
SCeVD. This pattern of increased expression of PrPc and P-181T-tau resembles that of the
three markers of cerebrovascular endothelial injury (Figure 1). The pattern of increased
expression of AB40 and AP42 proteins, however, requires concomitant presence of SCeVD
and pAD/MCI. Further, the EDE levels of P-181T-tau for both CN groups (Figure 2D) were
significantly higher than those of their corresponding pAD/MCI groups.
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DISCUSSION

CD81-normalized levels of the cerebrovascular-specific proteins Glut-1, LAT-1, and P-gp in
endothelial cell-derived plasma exosomes (EDEs) were significantly higher in both the CN
and pAD/MCI groups having SCeVD, as assessed by high MRI levels of WMH, as
compared with the corresponding CN and pAD/MCI groups not having SCeVD by the same
WMH criteria (Figure 1). It is assumed that higher plasma EDE levels of these
cerebrovascular-specific proteins in all participants with SCeVD reflect their elevated levels
in damaged endothelial cells of CNS microvasculature, as there was no evidence of other
cerebrovascular lesions. This assumption is also based on the findings that levels of cargo
proteins in CNS neuron-derived plasma exosomes (NDEs) reflect the levels in CNS neurons
in the chronic state of AD.28-30 Here the plasma levels of EDEs were the same for each
group as for NDEs in established AD based on counts and quantities of the exosome marker
CD81 (Figure 1). Only in the rapidly changing states of acute traumatic brain injury, where
plasma levels of NDEs are altered significantly, may plasma NDE and EDE levels of cargo

proteins not accurately represent those in CNS neurons and endothelial cells, respectively.
31,32

Significant increases in EDE levels of the amyloid-related peptides AB40 and AB42 were
found exclusively in pAD/MCI with SCeVD subjects relative to AD controls, but not in CN
with SCeVD subjects relative to CN without SCeVD controls (Figure 2), which supports the
possibility that higher EDE levels of these proteins are indicative of amyloid
microangiopathy early in pAD and MCI. In contrast to the requirements of both pAD or
MCI and SCeVD for increased expression of AB40 and AB42, P-181T-tau and PrPc levels in
EDEs were higher in both CN with SCeVD and pAD/MCI with SCeVD subjects suggesting
a sole necessity for SCeVD, but not pAD/MCI.

Cerebral amyloid angiopathy (CAA) appears to be attributable predominantly to the
pathogenic processes that parallel those inducing neuronal damage in AD.33 CAA is present
in three-times more individuals with AD than matched CN controls. Distinctive
neuropathology evoked by CAA includes microhemorrhages, microinfarcts, and vascular
blood-brain barrier leakage.34 Induction of cerebrovascular remodeling characterized by loss
of alpha-smooth muscle actin, elastin, and collagen is induced by deposition of helical
filament P-tau in intra-parenchymal small arteries and arterioles, and is separate from and
often precedes CAA.3° Synergistic effects of Abeta and P-tau in SCeVD were suggested by
prevention of Abeta-induced synaptic dysfunction in the absence of P-tau in an animal
model.38 That P-tau aggregates in cerebral vasculature are concentrated at endothelial cells
and smooth muscle cells suggested that P-tau would be detected in EDEs. Indeed, EDE
levels of P-tau were significantly elevated in subjects with WMH suggesting SCeVD
whether CN or affected by pAD/MCI (Figure 2D).

PrPc is most highly expressed in the central nervous system in humans and its levels
decrease in some areas of the brain, such as the hippocampus, with aging and
neurodegenerative diseases.3”-39 The capacity of PrPc to bind amyloid polypeptide AB42,
with especially high affinity for the oligomeric form AB420, has been shown in direct
binding studies as well as by both resultant interactions with other proteins and neuronal
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biochemical and functional responses.#%41 The complex structural determinants of binding
of Ap42 by PrPc, the interactions between the amino-terminal and carboxyl-terminal
domains of PrPc which require flexibility of the hydrophobic joining segment, and the
neurotoxic effects of substituent sequences of the intrinsically disordered amino-terminus of
PrPc are worthy of further studies.

Limitations of this study include possibilities of misclassification of some subjects by
neuroimaging and/or neurocognitive evaluations which would influence the results. Further,
participants were highly educated and primarily of a high socioeconomic status. Findings we
report thus may differ for other populations.

The extent and severity of amyloid microangiopathy in AD, which contributes to the
pathogenesis of dementia, may be prevented or even reversed by the therapeutic modalities
that reduce the AP peptide levels in brain or their binding to and entry into CNS neurons.
The development of CAA in APP Dutch mice has recently been prevented by early
combined reduction of AB40 and Ap42.42 Early cerebral amyloid microangiopathy in pAD
may respond to agents that have access to the microvasculature but not CNS neurons. For
example, intravenously administered blocking antibodies to PrPc would be expected to reach
endothelial and other vascular cells and thereby prevent amyloid peptide binding to and
effects on these cells, but not as fully access CNS neurons. Diminishing cerebral amyloid
microangiopathy in some patients may significantly prevent dementia.
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pGP permeability-glycoprotein
PrPc normal cellular prion protein
SCeVD small cerebral vascular disease
WMH white matter hyperintensity
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EDE levels of cerebrovascular-selective cargo proteins in cognitively normal group without
SCeVD (CN-no SCeVD), cognitively normal group with SCeVD (CN-SCeVD), pAD/MCI
group without SCeVD (pAD/MCI-no SCeVD), and pAD/MCI group with SCeVD (pAD/

MCI-SCeVD). Each point represents the value for one participant and the horizontal line in

point clusters is the mean level for that group. Mean + SEM for CN-no SCeVD, CN-

SCeVD, pADMCI-no SCeVD, and pADMCI-SCeVD, respectively, are 906 + 24.6, 799 +

43.6, 1076 + 93.7, and 886 + 81.0 pg/mL for CD81 (A), 232 + 32.0, 1535 + 140, 154 + 36.5,
and 1847 + 341 pg/mL for type 1 large neutral amino acid transporter (LAT-1) (B), 510 +
25.1, 1018 £ 30.7, 517 + 30.0, and 1078 + 45.6 pg/mL for type 1 glucose transporter
(Glut-1) (C), and 1040 + 266, 9499 + 1167, 1204 + 372, and 8056 + 1417 pg/mL for

permeability-glycoprotein (P-gp) (D). The significance of differences shown between values

for CN-no SCeVD and CN-SCeVD and between values for pAD/MCI-no SCeVD and pAD/

MCI-SCeVD, respectively, were calculated by an unpaired Student’s ¢test; **/P < .0001

FASEB J. Author manuscript; available in PMC 2020 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Abner et al.

(A) Ap40
600
r'y *
o
400 . 4 .
E .
> O
o
200+ . ity A :, ¢
A o?
5 P
D T T T T
L L o O
2 @ (-] 2
060 g o""ﬁ \90
S & &
o &
v-
Q
(C) PrPc
80000~
60000 * ®
E ' :
S, 40000+ 4 °
a A .!8.
A
2 -
0000 . ' .
Q Q
cﬁ& oé oéao cﬁp
G =) ) 2
4 N
° o £ ©
o &
N ¥
v_Q Q
Q
FIGURE 2.

Page 12
(B) Ap42
800+
&
600 L
E A
"é 4004
&
200 A
u-_‘M_,_E
Q Q Q
o‘sp c:? cf} cﬁa
G) 2 ) %
L& & ©
o QIS
‘9\ Q
Q
(D) P-181T-tau
500+
400 o .
A L ]
—= 300 A o
-g) | A 1l
20 B % gj w o8
0.0
100 % *%e
ry :-838
0 -',l'_
Q Q Q
oé& o‘& o‘;} c.-‘sp
) ) & %
o o o N
& 9 & &~
G &~ ©
vg‘ Q

EDE levels of amyloid peptides and the putative amyloid peptide receptor protein PrPc in
cognitively normal group without SCeVD (CN-no SCeVD), cognitively normal group with
SCeVD (CN-SCeVD), pAD/MCI group without SCeVD (pAD/MCI-no SCeVD), and
pAD/MCI group with SCeVD (pAD/MCI-SCeVD). Each point represents the value for one
participant and the horizontal line in point clusters is the mean level for that group. Mean £
SEM for CN-no SCeVD, CN-SCeVD, pAD/MCI-no SCeVD and pAD/MCI-SCeVD,
respectively, are 146 + 13.7, 167 £ 22.6, 154 + 15.5, and 257 £ 28.7 pg/mL for AB40 (A),
35.8+4.77,74.6 £19.4, 38.2 + 5.04, and 153 * 35.8 pg/mL for Ap42 (B), 7376 + 774,
15,899 + 2636, 6461 + 851, and 29,797 + 4417 pg/mL for PrPc (C), and 136 + 13.6, 245 +
9.5, 75.3£10.7 (h = 32), and 151 £+ 20.1 (n = 30) pg/mL for P-181T-tau (D). The
significance of differences shown between values for CN-no SCeVD and CN-SCeVD and
between values for pAD/MCI-no SCeVD and pAD/MCI-SCeVD, respectively, were
calculated by an unpaired Student’s ftest; *P< .01, **P< .001
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