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ABSTRACT

Treatments to elevate high-density lipoprotein (HDL) levels in
plasma have decreased cerebrovascular amyloid -8 (AB) de-
position and mitigated cognitive decline in Alzheimer disease
(AD) transgenic mice. Since the major protein component of HDL
particles, apolipoprotein A-lI (ApoA-I), has very low perme-
ability at the blood-brain barrier (BBB), we investigated 4F, an
18-amino-acid ApoA-I/HDL mimetic peptide, as a therapeutic
alternative. Specifically, we examined the BBB permeability of
4F and its effects on ['2°1]Ag trafficking from brain to blood
and from blood to brain. After systemic injection in mice, the
BBB permeability of ['2°]4F, estimated as the permeability—
surface area (PS) product, ranged between 2 and 5 x 10~ ml/g
per second in various brain regions. The PS products of ['2°I]4F
were ~1000-fold higher compared with those determined for
['2%1)ApoA-I. Moreover, systemic infusion with 4F increased the
brain efflux of intracerebrally injected ['?°[JAB42. Conversely,
4F infusion decreased the brain influx of systemically injected
['2°1]AB42. Interestingly, 4F did not significantly alter the brain
influx of ['2°)AB40. To corroborate the in vivo findings, we
evaluated the effects of 4F on ['2°]]AB42 transcytosis across

polarized human BBB endothelial cell (hCMEC/D3) mono-
layers. Treatment with 4F increased the abluminal-to-luminal
flux and decreased the luminal-to-abluminal flux of ['2°1]AB42
across the hCMEC/D3 monolayers. Additionally, 4F decreased
the endothelial accumulation of fluorescein-labeled AB42 in
the hCMEC/D3 monolayers. These findings provide a mech-
anistic interpretation for the reductions in brain AB burden
reported in AD mice after oral 4F administration, which
represents a novel strategy for treating AD and cerebral
amyloid angiopathy.

SIGNIFICANCE STATEMENT

The brain permeability of the ApoA-I mimetic peptide 4F was
estimated to be ~1000-fold greater than ApoA-I after systemic
injection of radiolabeled peptide/protein in mice. Further, 4F
treatment increased the brain efflux of amyloid -8 and also
decreased its brain influx, as evaluated in mice and in blood-
brain barrier cell monolayers. Thus, 4F represents a potential
therapeutic strategy to mitigate brain amyloid accumulation
in cerebral amyloid angiopathy and Alzheimer disease.

Introduction

Toxic amyloid-B8 (AB) peptides generated in the brain
accumulate as senile plaques in the brain parenchyma,
constituting one of the pathologic hallmarks of Alzheimer
disease (AD). In around half of individuals over 60 years of
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age and in 95% of patients with AD, AB also accumulates in
the cerebral vasculature, which culminates in cerebral
amyloid angiopathy (CAA) (Herzig et al., 2006; Charidi-
mou et al., 2012; Yamada and Naiki, 2012). CAA triggers
cerebrovascular inflammation and represents the major
cause of intracerebral hemorrhages, which lead to rapid
decline in cognitive and neurologic functions in older subjects
with and without AD pathology (Viswanathan and Green-
berg, 2011; Charidimou et al., 2012). The two major AB
isoforms associated with CAA and AD are AB40 and AB42,
respectively, which differ by the presence of two additional
amino acids on the C-terminus. AB40 is considered to be the

ABBREVIATIONS: AB, amyloid-B; ABCA1, ATP-binding cassette transporter A1; AD, Alzheimer disease; A-L, abluminal-to-luminal; ApoA-I,
apolipoprotein A-I; AUC, area under the curve; BBB, blood-brain barrier; CAA, cerebral amyloid angiopathy; CVD, cardiovascular disease; F-AB40,
fluorescein-labeled AB40; F-AB42, fluorescein-labeled AB42; hCMEC/D3, human cerebral microvascular endothelial cell; HDL, high-density
lipoprotein; L-A, luminal-to-abluminal; LRP1, low-density lipoprotein receptor-related protein 1; PS, permeability—surface area product; SR-B1,

scavenger receptor class B type 1; TCA, trichloroacetic acid.
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more vasculotropic isoform, whereas AB42 is considered to be
more neurotoxic and amyloidogenic (Qi and Ma, 2017). The
blood-brain barrier (BBB) maintains a dynamic equilibrium
between brain and plasma AB pools. Along with perivascular
drainage, the BBB participates in AB clearance from the
brain. Disruption of these spatially coordinated AB clearance
portals is believed to cause anomalous AB accumulation in the
brain parenchyma and in the cerebral vasculature (Michaud
et al., 2013a,b). The use of pharmacological agents to remodel
ApB trafficking mechanisms at the BBB and promote AB
clearance from the brain could therefore improve vascular
health and mitigate cognitive decline in CAA and AD.

It is well established that high-density lipoprotein (HDL)
particles in plasma help to mitigate the formation of athero-
sclerotic plaques, thereby protecting from cardiovascular
disease (CVD) (Assmann and Gotto, 2004). Emerging evidence
also suggests that HDL is important for cerebrovascular and
neurobiological functions (Hottman et al., 2014; Button et al.,
2019). The major protein constituent of HDL particles in the
periphery, apolipoprotein A-I (ApoA-I), was shown to mitigate
age-related cognitive decline in AD transgenic mice by us
(Lewis et al., 2010) and others (Lefterov et al., 2010). These
two studies established that ApoA-I overexpression reduces
cerebrovascular AB deposition (CAA) and attenuates AB-
associated neuroinflammation (Lewis et al., 2010), whereas
ApoA-I deletion exacerbates CAA in the AD transgenic mice
(Lefterov et al., 2010). Intriguingly, genetic manipulation of
ApoA-I expression did not alter parenchymal A8 deposition
(Fagan et al., 2004; Lefterov et al., 2010; Lewis et al., 2010).
Recently, we reported that radioiodinated ApoA-I displays
very low brain permeability in Sprague-Dawley rats after
systemic injection (Zhou et al., 2019). Since ApoA-I is almost
exclusively expressed in the periphery, the absence of effects
on parenchymal AB deposition could potentially be attributed
to the low brain permeability of ApoA-I.

Despite the well documented cardio-, neuro-, and vaso-
protective effects of ApoA-I, therapeutic applications are
limited by its poor oral bioavailability, high manufacturing
costs, and low brain permeability. To address these limi-
tations, small peptides that mimic ApoA-I/HDL function
have been developed (Navab et al., 2010). The most notable
of these HDL mimetics is the 18-amino-acid peptide “4F,”
which contains four phenylalanine residues (Ac-DWFKA-
FYDKVAEKFKEAF-NH,) and was designed to mimic the
amphipathic a-helix motif present in ApoA-I, which is
important for its biologic activity (Anantharamaiah et al.,
2007). Oral administration of 4F was shown to reduce athero-
sclerotic lesions and plaque inflammation in a diabetes mouse
model (Morgantini et al., 2010). Treatment with 4F was also
shown to decrease cerebrovascular inflammation and improve
cognitive function in a mouse model of atherosclerosis (Buga
et al., 2006). Moreover, oral administration of 4F together with
a statin drug reduced AB deposition in the brain parenchyma,
ameliorated AB-associated neuroinflammation, and improved
cognitive function in an AD transgenic mouse model (Handattu
et al., 2009).

These literature reports suggest that 4F could potentially be
employed as a therapeutic agent to mitigate sporadic CAA-
and AD-related neurovascular pathologies. However, the
brain penetrance of 4F has not been established, and the
mechanisms by which 4F influences parenchymal and cere-
brovascular AB deposition are poorly understood. Here,
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we assessed the permeability of radioiodinated 4F versus
ApoA-I at various brain regions after systemic injection in
mice. Additionally, we examined the effects of 4F on both the
brain efflux and brain influx of radioiodinated AB peptides.
The in vivo findings were further supported by complemen-
tary studies conducted in BBB cell monolayers.

Materials and Methods

Animals. Wild-type mice (B6SJLF1/J) were bred in-house at the
Mayo Clinic animal facilities. Animals were raised with food and
water ad libitum with 12-hour light/dark cycles. Animal studies were
carried out in accordance with the guide for the care and use of
laboratory animals provided by the National Institutes of Health. All
protocols were approved by the Mayo Clinic Institutional Animal Care
and Use Committee. All studies were conducted using female mice
between 8 and 12 months of age and weighing approximately 30 g.

Radioiodination of 4F, ApoA-I, and AB Peptides. The follow-
ing peptides/proteins were labeled with '2°I (PerkinElmer Life and
Analytical Sciences, Boston, MA) using the chloramine-T reaction as
described previously (Poduslo et al., 2001; Jaruszewski et al., 2014): D-
4F peptide [American Peptide Company (now Bachem), Sunnyvale,
CAJ, human serum-derived ApoA-I (EMD Millipore, Burlington, MA),
and AB42 and AB40 peptides (custom synthesized by AAPPTec,
Louisville, KY, or Mayo Clinic proteomics core facility). The un-
conjugated ?°T was removed by dialysis overnight in PBS, and the
purity of the radiolabeled proteins was determined by trichloroacetic
acid (TCA) precipitation as described previously (Kandimalla et al.,
2007). The specific activity of labeled AB peptides was determined to
be 40 pCi/pg.

Brain Influx of ['2°T]4F Versus ['>°T]ApoA-I after Systemic
Injection. These assays were conducted as described in our previous
publications (Swaminathan et al., 2018). Briefly, mice were anesthe-
tized under a mixture of isoflurane (1.5%) and oxygen (4 //min) and
then catheterized at the femoral vein and artery (n = 4). A bolus of
[*251]4F (100 p.Ci; 11 nmol) or [*2°T]ApoA-I (100 wCi; 0.88 nmol) was
injected into the femoral vein, and then 20-pl blood samples were
collected from the femoral artery at 0.25, 1, 3, 5, 10, and 15 minutes
using heparinized capillary tubes. The blood samples were diluted
with saline and centrifuged to separate the plasma. The [1?°T]4F or
['25T]ApoA-I in plasma was precipitated by using TCA and was
centrifuged to collect the pellet. Total 12°I radioactivity counts in the
pellet, corresponding to intact peptide/protein, were measured using
a gamma counter (Cobra II; Amersham Biosciences, Piscataway, NJ).
Immediately after the final sampling event, the mice were euthanized by
transcardial perfusion with excess PBS to flush the remaining radioac-
tivity from the vasculature. Individual brain regions (cortex, caudate
putamen, hippocampus, thalamus, brain stem, and cerebellum) were
dissected and assayed for 12T radioactivity using a gamma counter.

The influx of [*?°I]4F and [*°I]ApoA-I at each brain region was
assessed as the permeability—surface area (PS) product. The PS
product (milliliter per gram per second) at each brain region was
determined using the equation

PS — ,(I(t)
Jo Cpdt

where g(¢) is the extravascular amount of [***I]4F or [***T]ApoA-I in
the brain region per gram of tissue (.Ci/g) at the end of the experiment,
and fé C,dt is the area under the plasma concentration versus time
profile (minute x microcurie per milliliter) from 0 to 15 minutes,
calculated using the linear-trapezoidal method.

Impact of 4F on the Brain-To-Blood Efflux of [\2°I]AB42. Mice
were anesthetized as described above, and the left internal carotid
artery was catheterized. Immediately afterward, mice were mounted
on a stereotaxic apparatus. The skin above the skull was cut open, and
sutures were exposed. As per the accurate stereotaxic coordinates,
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a small hole was drilled into the skull directly above the hippocampus.
The animals were infused over 60 minutes with or without 2 mg (0.9
pmol) of 4F peptide dissolved in 200 p.l of saline (n = 3 each group) via
the left internal carotid artery, which supplies blood directly to the left
hemisphere and thereby allows for greater 4F exposure to the BBB. At
the end of the infusion, the mice were injected with [**T]AB42 (0.7
wCi) dissolved in PBS (1 pl) directly into the right hippocampus. After
40 minutes post—-AB injection, the animals were transcardially
perfused with excess PBS. Brain hemispheres were dissected and
assayed for '?°I radioactivity using a gamma counter. The measured
brain radioactivity per gram of tissue was normalized to the radioac-
tivity measured at the site of injection using the following equation:

Brain — to — Blood Efflux

Radioactivity per gram of brain tissue (M?Cl>

Radioactivity at the injection site ("?C‘)

Impact of 4F on the Blood-to-Brain Influx of ['2°T]AB42 and
['2T]AB40. These assays were conducted as described in our previous
publications (Swaminathan et al., 2018). Briefly, mice were anesthe-
tized, and the femoral vein, femoral artery, and left internal carotid
artery were catheterized. The animals were then infused with saline
(200 pl) with or without 2 mg (0.9 pmol) of 4F peptide via the left
internal carotid artery over a period of 60 minutes. After this, the
animals were bolus-injected with 100 p.Ci of ['25T]AB42 or [12°T]AB40
into the femoral vein (n = 3 each group). Blood samples of 20 pl were
collected from the femoral artery at 0.25, 1, 3, 5, 10, and 15 minutes
post—AB injection. After separating the plasma, the intact [12°T]AB42
or ['®T]AB40 in plasma was precipitated using TCA and then
centrifuged. Total 2°T radioactivity counts in the pellet were mea-
sured using a gamma counter. Immediately after the final sampling
event, the animals were transcardially perfused with PBS, the brain
regions were dissected, and the 2°I radioactivity was measured by
using a gamma counter. The PS products for [*2°T]AB42 and [*2°1]AB40
at the hippocampus and the left hemisphere were determined as
described above for [12°T]4F.

Impact of 4F on [125I]AB42 and [1251]AB40 Plasma
Pharmacokinetics. The [*?°T]AB42 and [*?°’T]AB40 plasma con-
centration versus time data from 0 to 15 minutes were evaluated by
noncompartmental analysis using Phoenix WinNonlin (Certara).
Parameters of interest included the area under the concentration
versus time profile from 0 to 15 minutes (AUCy_¢; minute x microcurie
per milliliter) and the terminal clearance (milliliter per minute).

Cell Culture. The immortalized human cerebral microvascular
endothelial cell line (hCMEC/D3) was generously provided by Perrie-
Oliver Couraud, Institut Cochin, France (Weksler et al., 2013). The
cells were grown at 37°C under 5% CO, atmosphere on rat tail collagen
(Corning, Corning, NY)-coated cell culture-grade flasks (Corning)
using endothelial basal media-2 (Lonza, Walkersville, MD) supple-
mented with 5% FBS (Atlanta Biologicals, Flowery Branch, GA),
1% penicillin-streptomycin (Corning), 1.4 uM hydrocortisone (Sigma-
Aldrich, St Louis, MO), ascorbic acid (5 pg/ml; Sigma-Aldrich),
1% chemically defined lipid concentrate (Life Technologies, Grand
Island, NY), 10 mM HEPES, and 1 ng/ml basic fibroblast growth factor
(Peprotech, Rocky Hill, NJ). Cells in passages 27-35 were used in the
experiments.

Impact of 4F on the Abluminal-to-Luminal Versus Lumi-
nal-to-Abluminal Flux of Radioiodinated AB Across BBB Cell
Monolayers. These experiments were performed as described in our
previous publications (Agyare et al., 2013). Briefly, the hCMEC/D3
cells were cultured on 12-mm Transwell inserts with 0.4-pm pores
(Corning) until a continuous monolayer was formed. The monolayer
integrity was verified by measuring the transendothelial electrical
resistance. Experiments were conducted when transendothelial elec-
trical resistance values ranged between 80 and 120 O/cm? The
evening before the experiment, the growth medium containing
5% FBS and 10 mM HEPES was replaced with growth medium

containing 1% FBS and 20 mM HEPES. To investigate abluminal-to-
luminal (A-L) transport, cells were pretreated with or without 4F (10
rg/ml) on the abluminal side for 60 minutes at 37°C (n = 4 in each
group). Without removing 4F, [12°T]AB42 (10 n.Ci/ml) was then spiked
into the abluminal medium. The luminal medium was then sampled
(20 wl) at 10, 20, 30, 45, 60, and 90 minutes post—AB addition, and the
1251 radioactivity was measured using a gamma counter. Similar
studies were conducted to investigate luminal-to-abluminal (L-A)
transport, with 4F preincubation and [*?*I]AB42 addition occurring
on the luminal side, followed by sampling from the abluminal side. The
cumulative amount of radioactivity reaching the contralateral side
was plotted against time. The slope obtained after linear regression of
the linear region of the curve, in which unidirectional transfer is
assumed, was divided by the surface area of the Transwell insert
(1.12 cm?) to calculate [25T]AB42 flux across the monolayer.

Impact of 4F on the Accumulation of Fluorescein-Labeled
ApB42 and AB40 in BBB Cell Monolayers. For flow cytometry
studies, hCMEC/D3 cells were cultured on six-well plates (Corning)
until a continuous monolayer was formed. The evening before the
experiment, the growth medium containing 5% FBS was replaced with
growth medium containing 1% FBS. Cells were pretreated with or
without 4F (10 pg/ml) for 60 minutes at 37°C (n = 3 in each group).
After this, fluorescein-labeled AB42 (F-AB42) or F-AB40 (synthesized
by the Mayo Clinic proteomics core facility) was spiked into the media
(1.5 pg/ml) and then further incubated for 60 minutes. Cells were
washed three times with ice-cold PBS, trypsinized, and then resus-
pended in PBS followed by 1:1 dilution with 4% paraformaldehyde on
ice. Cellular uptake of the fluorescence signal was measured using
LSR-II Fortessa flow cytometry equipped with a 20-mW (488 nm) laser
(BD Biosciences, San Jose, CA). Data analysis was performed using
FlowdJo software (TreeStar, Inc., San Carlos, CA).

For confocal microscopy studies, hCMEC/D3 cells were cultured on
35-mm coverslip bottom dishes (MatTek, Ashland, MA) until a contin-
uous monolayer was formed. The evening before the experiment, the
growth medium containing 5% FBS was replaced with growth medium
containing 1% FBS. Cells were pretreated with or without 4F (10 p.g/ml)
for 60 minutes at 37°C (n = 3 in each group). After this, F-AB42 was
spiked into the media (1.5 ng/ml) and then further incubated for
60 minutes. Cells were washed three times with ice-cold PBS, fixed
in 4% paraformaldehyde for 60 minutes on ice, and then mounted
with ProLong Diamond mounting media containing 4',6-diamidino-
2-phenylindole (Invitrogen). Cell monolayers were imaged using
a Zeiss LSM 780 laser confocal microscope using a C-Apochromat
40x/1.2-W objective.

Statistical Analysis. All statistical tests were conducted using
GraphPad Prism (GraphPad software, La Jolla, CA). A P value of <
0.05 was considered statistically significant. One-way ANOVA with
Tukey’s post-tests were used to compare the ['2°I]4F versus ['2°1]
ApoA-I distribution in various brain regions. Unpaired, two-tailed
t tests were used to compare the ['?°T]AB distribution in the brain or
plasma in mice, the [***T]AB flux in vitro, and the F-AB uptake in vitro
in groups with versus without 4F treatment.

Results

Brain Influx of ['*’T]4F Is Substantially Higher than
['2°T]ApoA-I. After femoral injection, the permeability of
[1251]4F and [12°T]ApoA-I at each brain region was determined
as the PS product, which was obtained by dividing the total
radioactivity per gram tissue by the plasma AUC,_; (Fig. 1A).
The ['*°I]4F permeability at various brain regions ranged
from 2 to 5 x 10~® ml/g per second, which was ~1000-fold
greater (P < 0.0001, one-way ANOVA with Tukey’s post-tests)
compared with the [*2°T]ApoA-I permeability, which ranged
from 2 to 12 x 10~ ml/g per second at various brain regions
(Fig. 1B).
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Fig. 1. Brain influx of ['*°I]4F is sub-
stantially higher than ['?°T]ApoA-I. (A)
Experimental scheme. B6SJLF1/J mice
were bolus-injected with 100 nCi of 2]
4F or [***I]ApoA-I via the femoral vein.
Blood was sampled periodically from the
femoral artery from 0 to 15 minutes. The
plasma was separated, the intact protein
was precipitated with TCA, and the radio-
activity was measured. After the final
sampling event, mice were transcardially
perfused with excess PBS, brain regions
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4F Promotes the Brain Efflux of ['2°T]AB42. After
infusion with saline or 4F (2 mg) via the internal carotid
artery, ['2°T]AB42 (0.7 n.Ci) was stereotaxically injected into
the right hippocampus. After 40 minutes, the 12°T radioactivity
retained in the brain was measured and normalized to the
radioactivity at the site of injection (Fig. 2). In mice infused
with 4F, the retention of [12°I]AB42 in the whole brain (1.7 +
0.2, means = S.D., n = 3) was decreased by ~2-fold (P <
0.05, two-tailed ¢ test) compared with mice infused with saline
control (4.0 = 1.2, means *= S.D., n = 3). Similar trends were
observed for the right hemisphere, in which the ['?°T]AB42
retention was decreased (P < 0.05, two-tailed ¢ test) in the 4F-
infused mice (1.6 = 0.2) compared with the saline control
(29 £ 0.6). The observed decrease in brain retention is
reflective of increased brain efflux.

Saline or 4F 125]-AB42

Infusion:
Left Internal

Carotid 1 1 i

Perfuse & measure
Intracerebral brain 'l activity

Injection

| Wait 40 min

125.AB42: Whole Brain  '2°I-AB42: Right Hemisphere

6 4
c c
° 2 T
S 83
o 4 ]
4 o
3 2 .
N N
© * ©
£2 E
= = 1
o o
=z -4

Control 4F Saline 4F

Fig. 2. 4F promotes the brain efflux of ['*°T]AB42. Mice were infused with
saline or 4F (2 mg) via the left internal carotid artery over a period of 60
minutes. At the end of infusion, [1?°TJAB42 (0.7 nCi) was stereotaxically
injected into the right hippocampus. After 40 minutes, the mice were
transcardially perfused with excess PBS, and the radioactivity retained in
the whole brain and right hemisphere was measured. The bar charts
indicate the radioactivity in whole brain or right hemisphere relative to
the radioactivity at the injection site. Data represent means = S.D. (n = 3).
*P < 0.05; unpaired two-tailed ¢ test.

PS were dissected, and the radioactivity was
S measured. (B) The ['#°T]4F vs. [2°T]ApoA-I
PS product estimates are shown for various
brain regions. Data represent means = S.D.
(n = 4). #*P < 0.0001; one-way ANOVA.

4F Inhibits the Brain Influx of ['2°I]AB42 but Not
['25T]AB40. The influx of [12°T]AB42 and [12°T]AB40 into the
brain after femoral injection was assessed as the PS product,
determined using the methods described above for [2°I]4F.
In mice infused with 4F, the influx of ['?’I]JAB42 into the
hippocampus (0.34 * 0.09 x 10~* ml/g per second, means *
S.D., n = 3) decreased by ~4-fold (P < 0.0001, two-tailed
t test) compared with mice infused with saline control (1.3 *
0.2 ml/g per second x 10~ % means * S.D., n = 3) (Fig. 3A).
The hippocampus is the brain region most severely compro-
mised in Alzheimer disease (Smith, 2002). The AB influx into
the individual brain hemispheres was also evaluated. In mice
infused with 4F, the influx of [12°I]AB42 into the left hemi-
sphere (0.54 * 0.16 x 10™* ml/g per second) decreased by
~2-fold (P < 0.05, two-tailed ¢ test) compared with mice
infused with saline control (1.1 = 0.3 x 10~ * ml/g per second)
(Fig. 3B). In contrast, a nonsignificant increase (P = 0.13, two-
tailed ¢ test) in [***I]AB40 influx into the left hemisphere was
observed in the 4F-infused mice (1.4 + 0.8 x 10~* ml/g per
second, means = S.D., n = 3) when compared with saline-
infused mice (0.70 + 0.54 x 10~ * ml/g per second, means +
S.D., n = 3) (Fig. 3C).

Impact of 4F on ['2°I]AB42 and ['?°I]AB40 Plasma
Pharmacokinetics. The ['*°T]AB42 and [***I]AB40 plasma
concentration versus time data between 0 and 15 minutes
after femoral injection were evaluated by noncompartmental
analysis (Fig. 4). The AUCq_; and terminal clearance of [12°I]
AB42 in saline-infused mice were estimated as 25.3 = 18.4 min x
pCi/ml and 4.1 * 2.3 ml/min (means * S.D., n = 3), re-
spectively. These parameters were not significantly altered in
the 4F-infused mice and were found to be 39.5 = 27.6 min X
pCi/ml (means = S.D., n = 3) and 2.9 * 1.6 ml/min, re-
spectively. For [12°I]AB40, the AUC,_, and terminal clearance
in saline-infused mice were estimated as 53.3 = 11.7 min X
pCi/ml and 1.6 * 0.3 ml/min (means = S.D., n = 3), re-
spectively. These parameters were unaltered in the
4F-infused mice and were estimated as 49.3 £ 16.2 min X
prCi/ml and 1.5 = 0.5 ml/min (means = S.D., n = 3), respectively.

4F Promotes the Abluminal-to-Luminal Flux and
Inhibits the Luminal-to-Abluminal Flux of [12°T]AB42
Across BBB Cell Monolayers. To corroborate the in vivo
findings, further studies were conducted to examine the
transport of ['2°I]AB42 across hCMEC/D3 monolayers
cultured on Transwell filters, a widely used in vitro BBB
model (Weksler et al., 2013). The [25I]AB42 transport was
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Fig. 3. 4F inhibits the brain influx of [*?’T]AB42 but not [***T]AB40. (A) Ex
internal carotid artery over a period of 60 minutes. After this, 100 uCi of [

erimental scheme. Mice were infused with saline or 4F (2 mg) via the left
2511AB42 or [*P°T]AB40 was bolus-injected via the femoral vein. Blood was

sampled periodically from the femoral artery from 0 to 15 minutes. Postperfusion with PBS, the brain regions were harvested, and the radioactivity was
measured. (B) The PS product estimates for [\2°T]AB42 in the left/right hemispheres and hippocampus are shown. Data represent means *+ S.D. (n = 3).
*P < 0.05; unpaired two-tailed ¢ test. (C) The PS product estimates for [12°T]AB40 in the left/right hemispheres are shown. Data represent means + S.D.

(n = 3).##*¥p < 0.001;

investigated in both directions. To study the A-L transport
(i.e., from brain to blood), cells were treated with 4F, and then
[125T]AB42 was added together on the abluminal side, followed
by periodic sampling on the luminal side (Fig. 5A). The slope of
the linear portion of the cumulative radioactivity versus time
plot estimates the [12°T]AB42 flux in the A-L direction. The A-L
flux was increased by ~2-fold (P < 0.05, two-tailed ¢ test) in the
4F-treated cells (4.9 + 0.4 x 10~* wCi/min, means += S.D.,n =
4) as compared with the untreated control (2.8 + 0.3 x 10™*
p.Ci/min, means * S.D., n = 4). To study the L-A transport
(i.e., from blood to brain), cells were treated with 4F, and then
[125T]AB42 was added together on the luminal side, followed by
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periodic sampling on the abluminal side (Fig. 5B). The [*?°I]
AB42 flux in the L-A direction was decreased by ~2-fold (P <
0.05, two-tailed ¢ test) in the 4F-treated cells (2.2 = 0.2 x 10~ *
pCi/min, means = S.D., n = 4) compared with the untreated
control (4.9 + 0.9 x 10~ * wCi/min, means + S.D., n = 4).

4F Inhibits the Accumulation of Fluorescein-Labeled
Ap42 in BBB Cell Monolayers. The effects of 4F on the
uptake of fluorescein-labeled AB (F-AB) in hCMEC/D3 mono-
layers was further investigated. Treatment with 4F decreased
the cellular uptake of F-AB42 by ~1.4-fold (P < 0.05, two-
tailed ¢ test) when assessed by flow cytometry (Fig. 6A). In
contrast, no significant differences were observed in the cell

Fig. 4. Impact of 4F on [*?°I]AB42 and
[**°T]AB40 plasma pharmacokinetics. Mice
were infused with saline or 4F (2 mg) via
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the femoral vein. Blood was sampled
periodically from the femoral artery be-
tween 0 and 15 minutes. The plasma was
separated, the intact protein was precipi-
tated with TCA, and the radioactivity was
measured. The plasma concentration vs.
time profiles for [1251]A/342 (A) and [**1)
AB40 (B) were evaluated by noncompart-
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Fig. 5. 4F promotes the abluminal-to-luminal flux and

inhibits the luminal-to-abluminal flux of [*2°T]AB42 across
BBB cell monolayers. Polarized hCMEC/D3 monolayers
cultured on Transwell filters were treated with 4F (10 pg/
ml) and %1 radiolabeled AB42 (10 nCi/ml) together on the
abluminal side to investigate A-L flux (A) or on the luminal
side to investigate L-A flux (B). The receiver medium was
periodically sampled from the contralateral side, and the
radioactivity was measured. Cumulative radioactivity was
plotted against time, and the linear region was fit to
a linear regression model. Data represent means = S.D.
(n = 4). (C) Flux was obtained by dividing the linear
regression slope by the surface area (1.12 cm?) of the insert.
Data represent means = S.E. (n = 4). *P < 0.05; unpaired
two-tailed ¢ test.
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uptake of F-AB40 after treatment with 4F (Fig. 6B). Further,
confocal micrographs depicted lower intracellular accumula-
tion of F-AB42 in cells treated with 4F (Fig. 6C).

Discussion

It is well established that plasma ApoA-I levels are strong
predictors of cardiovascular risk. Given that CVD and AD are
closely linked, it is likely that decreased serum ApoA-I levels
contribute to cerebrovascular dysfunction in AD. This claim is
strongly supported by published reports that have demon-
strated inverse correlations between plasma ApoA-I levels
and AD risk in elderly patients (Saczynski et al., 2007; Ma
et al., 2015; Slot et al., 2017). We previously showed that CAA,
the most prevalent cerebrovascular pathology in AD, and
cognitive decline could be mitigated by increasing ApoA-I
levels in the plasma of AD transgenic mice (Lewis et al., 2010).
However, the mechanisms by which ApoA-I promotes cere-
brovascular AB clearance and thereby protects from CAA and
related neurovascular pathologies are poorly understood.

Our previous studies have shown that increased AB uptake
on the luminal side and/or decreased AB efflux from the
abluminal side could trigger AB buildup in the cerebral
vasculature (Agyare et al., 2013), which is expected to further
impede AR clearance from the brain. Hence, it is likely that
ApoA-I reduces cerebrovascular AB deposition by modulating
Ap trafficking machinery at the BBB. Interestingly, ApoA-I on
the luminal side was shown to increase AB efflux in the
abluminal-to-luminal direction across cerebrovascular endo-
thelial cell monolayers (Merino-Zamorano et al., 2016). How-
ever, it remains unclear whether it is ApoA-I in the plasma, in
the brain, or both that drive cerebrovascular A3 clearance.

Decreased ApoA-I levels in the brain and cerebrospinal
fluid are associated with neurologic diseases such as
schizophrenia (Huang et al., 2008). ApoA-I is majorly pro-
duced in the periphery, with little to no production in the
brain (Elliott et al., 2010). Thus, the ApoA-I present in brain
is thought to be delivered from systemic circulation via
trafficking at the BBB endothelium and/or the blood—
cerebrospinal fluid barrier epithelium. ApoA-I is a large
protein, and its permeability at these barriers is extremely
low (Stukas et al., 2014; Zhou et al., 2019). Hence, it is
important to consider ApoA-I mimetic peptides, like 4F, as
therapeutic alternatives. Further, the 18-amino-acid 4F
peptide is more amenable to pharmaceutical development
compared with the full-length ApoA-I protein. As a small,
amphipathic peptide that interacts with the plasma mem-
brane (Datta et al., 2001), 4F is expected to cross the BBB
efficiently. To confirm this in vivo, the PS product, a widely
used parameter to assess the brain uptake of macromole-
cules, was determined after systemic injection of [12°T]4F or
[125I]ApoA-I in mice. The PS values of ['2°T]4F at various
brain regions were ~1000-fold greater than those deter-
mined for [*2°T]ApoA-I and were commensurate to that of
proteins like transferrin and insulin, which are efficiently
delivered across the BBB (Poduslo et al., 1994). In contrast,
the PS values of ['?’T]ApoA-I were similar to those of
proteins that demonstrate very low BBB permeability, such
as immunoglobulin G and albumin (Poduslo et al., 1994).
The efficient brain penetrance of 4F provides a plausible
mechanistic interpretation of the robust 4F effects on neuro-
pathology in AD mice. Given that PS values are representative
only of influx, the impact of 4F brain efflux on the overall brain
delivery remains to be clarified.
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Fig. 6. 4F inhibits the accumulation of fluorescein-labeled AB42 in BBB cell monolayers. hCMEC/D3 monolayers were treated for 60 minutes with 10
pg/ml 4F peptide, followed by another 60 minutes with 12.5 pg/ml of fluorescein-labeled AB42 (F-AB42) (A) or F-AB40 (B). The fluorescence uptake was
assessed by flow cytometry. Shown are representative histograms and bar charts of the group means = S.D. (n = 3). ¥*P < 0.05; unpaired two-tailed ¢ test.
(C) Confocal micrographs are shown depicting F-AB42 internalization in hCMEC/D3 monolayers cultured on coverslip dishes after 4F treatment as
described above (representative images, n = 3). Green = F-AB42; blue = 4',6-diamidino-2-phenylindole-stained nuclei.

Further, we investigated the ability of 4F to modulate AB
trafficking from brain to blood and from blood to brain. To
assess 4F’s effect on [12°T]AB42 clearance from brain to blood,
the ['?°I]AB42 radioactivity retained in the brain after in-
tracerebral injection was assessed in mice infused with 4F via
the internal carotid artery, which supplies blood directly to the
brain. This experimental modality allowed us to specifically
investigate 4F’s effects on [*2°T]AB42 transport at the BBB.
The brain retention of [’ T]AB42 was substantially decreased
in 4F-treated mice, which could be attributed to increased
[125T]AB42 brain efflux. It was also observed that after femoral
injection, the brain influx of [12°1]AB42, assessed as the PS
product, was substantially decreased in 4F-treated mice.
Together, these findings indicate that 4F reduces the brain
accumulation of [12’I]JAB42 by increasing its brain-to-blood
efflux and by decreasing its blood-to-brain influx. Intriguingly,
4F exhibited distinct effects in modulating the brain influx of
[125T]AB40 as compared with [12’I]AB42; a nonsignificant in-
crease in [1?’I]AB40 brain influx was observed in the 4F-
treated mice. Importantly, AB42 is considered to be more
neurotoxic and amyloidogenic than AB40, and parenchymal
amyloid plaques in AD brain are seeded by AB42 aggregates
(Miller et al., 1993). Additionally, AB40 is reported to inhibit
AB42 oligomerization, fibrillogenesis, and toxicity (Jan et al.,
2008; Murray et al., 2009). In patients with AD, the acceler-
ated amyloid accumulation in the cerebral vasculature and
brain parenchyma is thought to be majorly due to the impaired
AB42 clearance from brain to blood (Sagare et al., 2012). By
helping to restore AB42 clearance at the BBB, 4F could
thereby reduce both cerebrovascular and parenchymal amy-
loid burden in AD brain.

No significant differences were observed in the [*?°T]AB42
plasma pharmacokinetics in 4F-treated mice, although a vi-
sual trend of increased AUC with a concomitant decrease in
terminal clearance was observed. The apparent decrease in
plasma clearance of [*2°T]AB42 in the presence of 4F could be
due to altered AB42 clearance mechanisms in kidneys and
liver, which represent the major organs responsible for
systemic AB clearance (Ghiso et al., 2004). Since the plasma
disposition of AB and its trafficking at the BBB are thought to
be handled by low-density lipoprotein receptor-related protein
1 (LRP1) and scavenger receptor class B type 1 (Martins et al.,
2009; Thanopoulou et al., 2010), both of which are highly
expressed in the vascular endothelium, we speculate that 4F
modulates AB disposition by interacting with these receptors.
It was previously shown that HDL transcytosis at the BBB is
mediated by scavenger receptor class B type 1 (Fung et al.,
2017). Furthermore, ATP-binding cassette transporter Al
(ABCA1), expressed on the abluminal surface of the BBB
endothelium, was shown to mediate the brain efflux of AB42
(Elali and Rivest, 2013). As a major lipid transporter, ABCA1
interacts with HDI/ApoA-I and other apolipoproteins that
mediate lipid efflux and reverse cholesterol transport. Studies
have shown that ABCA1 overexpression mitigates, whereas
ABCAL1 deletion exacerbates, brain AB deposition in AD mice
(Wahrle et al., 2005, 2008). We recently showed that 4F
interacts with ABCA1 to mediate cholesterol/lipid efflux
(Chernick et al., 2018). Thus, the altered brain influx of
[1251]AB42 upon 4F treatment could potentially be mediated
by effects on ABCA1 at the BBB.

Since only female mice were used in this study, further
studies are needed to examine potential sex differences in 4F
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efficacy. In various AD transgenic mouse models, such as
3xTg-AD (Carroll et al., 2010; Gali et al., 2019), APP/PS1, and
Tg2576 mice (Callahan et al.,, 2001), female mice were
reported to exhibit higher AB levels and greater occurrence
of histopathological hallmarks compared with their male
littermates. Moreover, sex differences were also apparent in
the efficacy of experimental AD therapies that mitigate AB
pathology (Long et al., 2016; Dodiya et al., 2019). In this study,
experiments were conducted solely on female mice so that
follow-up studies can be pursued in female APP/PS1 mice,
which are reported to manifest higher AB levels compared
with the male mice. The APP/PS1 mice will serve as a more
stringent model to test the efficacy and mechanistic action
of 4F.

To verify the in vivo findings, we investigated [*2°T]AB42
transcytosis in both directions across BBB cell monolayers
cultured on Transwell filters. Treatment with 4F was shown
to increase the abluminal-to-luminal flux of [12°1]AB42, which
is consistent with the increased brain efflux of ['2°I]AB42
observed in 4F-treated mice. We further showed that 4F
decreased the luminal-to-abluminal flux of [*2°T]AB42, which
is consistent with the decreased brain influx of [*2°I]AB42
observed in 4F-treated mice. Together, these findings indicate
that 4F differentially modulates [*2°T]AB42 trafficking at the
BBB in the luminal-to-abluminal (blood to brain) versus
abluminal-to-luminal (brain to blood) directions.

To investigate the effects of 4F on cerebrovascular accumu-
lation of AB, which predominates in both CAA and AD, we
evaluated the cellular uptake of fluorescein-labeled AB in
BBB cell monolayers after 4F treatment. When assessed by
flow cytometry, the uptake of F-AB42 was found to be de-
creased in 4F-treated cells, whereas the F-AB40 uptake was
not significantly altered. Using laser confocal microscopy, we
also demonstrated lower intracellular accumulation of F-AB42
in 4F-treated cells. Although AB40 is the predominant isoform
present in the cerebrovascular amyloid deposits, AB42 was
shown to seed the formation of these deposits (Roher et al.,
1993; McGowan et al., 2005). Thus, 4F could be effective in
reducing cerebrovascular AB deposition in CAA and AD.

In summary, the brain permeability of ['?°1]4F, assessed as
the PS product, was found to be ~1000-fold greater than that
of [*?*T]ApoA-I and was comparable to proteins like trans-
ferrin and insulin, which rapidly permeate across the BBB.
Moreover, systemic infusion of 4F was shown to modulate the
BBB trafficking of ['2°T]AB42 by increasing its brain-to-blood
efflux and by decreasing its blood-to-brain influx. These
findings clarify the effects of 4F on specific AB isoforms and
provide a mechanistic interpretation of the decreased brain
ApB deposition reported in AD transgenic mice after chronic
oral dosing of 4F (Handattu et al., 2009). However, it remains
unclear whether 4F elicits these beneficial effects by acting on
the luminal side or by acting within the brain parenchyma
after crossing the BBB. Further studies are needed to clarify
the molecular mechanisms by which 4F alleviates AB-associ-
ated neuropathologies in CAA and AD. Although clinical
efficacy of 4F was demonstrated in patients with CVD
(Bloedon et al., 2008; Dunbar et al., 2017), the efficacy of 4F
in treating patients with AD remains to be carefully eluci-
dated, especially in the perspective of challenges encountered
in the clinical translation of anti-AB therapeutics. Neverthe-
less, as an ApoA-I/HDL mimetic peptide, 4F also possesses
antioxidative and inflammatory properties and thus presents
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a novel therapeutic approach to enhance cerebrovascular
function as well as to mitigate brain AB accumulation in
CAA and AD.
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