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Anti-malaria drug artesunate prevents G

development of amyloid-f pathology in mice
by upregulating PICALM at the blood-brain
barrier
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Abstract

Background PICALM is one of the most significant susceptibility factors for Alzheimer’s disease (AD). In humans and
mice, PICALM is highly expressed in brain endothelium. PICALM endothelial levels are reduced in AD brains. PICALM
controls several steps in AB transcytosis across the blood-brain barrier (BBB). Its loss from brain endothelium in mice
diminishes A clearance at the BBB, which worsens AR pathology, but is reversible by endothelial PICALM re-expres-
sion. Thus, increasing PICALM at the BBB holds potential to slow down development of AR pathology.

Methods To identify a drug that could increase PICALM expression, we screened a library of 2007 FDA-approved
drugs in HEK293t cells expressing luciferase driven by a human PICALM promoter, followed by a secondary mRNA
screen in human Eahy926 endothelial cell line. In vivo studies with the lead hit were carried out in Picalm-deficient
(Picalm™'™) mice, Picalm™*'~; 5XFAD mice and Picalm'®’'®; Cdh5-Cre; 5XFAD mice with endothelial-specific Picalm
knockout. We studied PICALM expression at the BBB, AR pathology and clearance from brain to blood, cerebral blood
flow (CBF) responses, BBB integrity and behavior.

Results Our screen identified anti-malaria drug artesunate as the lead hit. Artesunate elevated PICALM mRNA and
protein levels in Eahy926 endothelial cells and in vivo in brain capillaries of Picalm™~ mice by 2-3-fold. Artesunate
treatment (32 mg/kg/day for 2 months) of 3-month old Picalm™=; 5XFAD mice compared to vehicle increased brain
capillary PICALM levels by 2-fold, and reduced AB42 and AB40 levels and AR and thioflavin S-load in the cortex and
hippocampus, and vascular AR load by 34-51%. Artesunate also increased circulating AB42 and AB40 levels by
2-fold confirming accelerated AR clearance from brain to blood. Consistent with reduced A pathology, treatment of
Picalm™'=; 5XFAD mice with artesunate improved CBF responses, BBB integrity and behavior on novel object location
and recognition, burrowing and nesting. Endothelial-specific knockout of PICALM abolished all beneficial effects of
artesunate in 5XFAD mice indicating that endothelial PICALM is required for its therapeutic effects.

Conclusions Artesunate increases PICALM levels and AR clearance at the BBB which prevents development of Af3
pathology and functional deficits in mice and holds potential for translation to human AD.
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Background

PICALM, the gene encoding phosphatidylinositol bind-
ing clathrin assembly protein PICALM [1, 2], is a highly
validated genetic risk factor for late onset Alzheimer’s
disease (LOAD) [3-23], and one of the most significant
susceptibility factors for LOAD after APOE and BIN1 [3,
4, 11, 15, 20]. PICALM regulates endocytosis and inter-
nalization of cell receptors [24-28], and intracellular
trafficking of functionally different proteins [28—30]. In
brain, PICALM is highly expressed in endothelial cells
both in humans and mice [28, 31, 32], as well as in neu-
rons [27, 33, 34] and microglia [33, 35]. Despite strong
association with AD, the role of PICALM in disease
pathogenesis remains elusive. We also do not have an
effective PICALM-based therapy for AD.

PICALM may affect disease by different mechanisms.
This includes modifying trafficking of amyloid-f (Ap)
precursor protein (APP) [3], protecting neurons by
reversing AP effects on clathrin—mediated endocytosis
[27], directing APP transport to autophagosomes [36],
influencing APB42/Ap40 ratio in neurons via clathrin-
mediated endocytosis of y-secretase [34], and/or control-
ling tau-mediated neurodegeneration [37] that spreads
throughout neurons by low density lipoprotein recep-
tor related protein 1 (LRP1)-mediated endocytosis [38].
In endothelium, PICALM regulates AB endocytosis by
interacting with LRP1, a key AP clearance receptor at the
blood-brain barrier (BBB) [28, 39-46], and by guiding
ApB trafficking post-internalization to small Rab GTPases
Rab5 and Rabll, which results in AP trans-endothelial
transcytosis and clearance across the BBB [28].

Previous work reported that PICALM endothelial lev-
els are reduced by 60% in AD brains [28, 31, 32], which
inversely correlated with A load, Braak stage, clinical
dementia rating score, and positively correlated with
Mini Mental State Examination [28]. In AD-derived
human BBB endothelial monolayers, reduced PICALM
levels led to diminished AP clearance across the BBB
which was reversible by adenoviral-mediated PICALM
gene transfer. iPSC-derived human endothelial cells car-
rying the non-protective allele of the frequently stud-
ied single nucleotide polymorphism (SNP) rs3851179
PICALM variant [13, 14, 16, 17, 21, 22, 28] exhibited
lower PICALM levels and reduced AP clearance across
human endothelial BBB monolayers [28]. Moreover,
Picalm deficiency in APP™"'® overexpressing mice sig-
nificantly diminished AB clearance across the murine
BBB in vivo and accelerated Ap pathology, in a manner
that was reversible by endothelial PICALM re-expression

[28]. All these findings support the concept that strate-
gies to increase endothelial PICALM levels may increase
AP clearance across the BBB and delay A accumulation
in brain.

In searching for a drug that could increase PICALM
levels, we screened 2007 compounds from FDA-
approved drug libraries because these drugs would likely
be easier and faster to repurpose for a new therapeutic
use than unapproved compounds. Our screen identi-
fied anti-malaria drug artesunate as the lead hit. Using
Picalm-deficient Picalm™’~; SXFAD mice and 5XFAD
mice with a complete PICALM endothelial-specific dele-
tion, we found that artesunate treatment prevents A
accumulation in brain and improves functional outcome
in 5XFAD mice by increasing PICALM levels in brain
capillary endothelium and AP clearance at the BBB.

Methods

Drug screen and in vitro hit conformation

Generation of stable cell line

HEK293t cells were grown in DMEM supplemented with
10% FBS, 1mM Na pyruvate, and 1% penicillin/strepto-
mycin (all Thermo Fisher). Cells were transfected with
a plasmid encoding both a secreted luciferase reporter
driven by a human PICALM promotor and secreted
alkaline phosphatase (SEAP) internal control driven by
a CMV promotor (GeneCopoeia HPRM13888-PG04)
using Lipofectamine 3000 (Thermo Fisher) following the
manufacturer’s instructions. The plasmid also imparts
puromycin resistance to the transfected cells. Transfected
cells were maintained in media with puromycin (5pg/
mL; Sigma) and selected for monoclonal integration
and expression of the PICALM/SEAP reporter following
guidelines published by Lonza (http://www.lonza.com/
go/literature/72). Expression was confirmed by luciferase
assay as described below.

Drug screen using PICALM luciferase reporter

Cells were plated at a density of 5 x 10* per well in 96
well plates and allowed to grow for 24 hours. Cell cul-
ture media was then replaced with media containing
3uM of test drug. FDA-approved drugs used in the
screen were sourced from the NIH Clinical Drug Col-
lections NCC-202 and NCC-105 (727 compounds)
and the MicroSource Spectrum Collection (1280 com-
pounds) through the USC Choi Family Therapeutic
Screening Facility. DMSO, negative and positive con-
trol wells were included for each plate. Media was col-
lected 24-hours after drug treatment, aliquoted and
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stored at —80°C. Each drug was screened in triplicate.
Luciferase and SEAP content were determined using a
commercially available kit (GeneCopoeia Secrete-Pair
Dual Luminescence Assay Kit; catalog #LF033) follow-
ing the manufacturer’s instructions. Briefly, media sam-
ples were thawed to room temperature (RT). For each
sample, 10 uL of media was added to a white opaque
96 well plate and 100 pL of luciferase substrate buffer
added to the well. Plates were allowed to incubate at
RT protected from light for 5minutes, then read on a
Victor3 (Perkin Elmer) plate reader. SEAP levels were
determined similarly with a separate 10 uL media ali-
quot, heat inactivated at 65°C for 15min prior to addi-
tion of SEAP substrate buffer. SEAP assay plates were
allowed to incubate for 15 min in SEAP substrate buffer
before reading.

SEAP-normalized luciferase (luciferase/SEAP) sig-
nal was calculated for each replicate and then averaged
across replicates for each drug. This average was then
normalized to DMSO-treated control in the absence of
any drug (averaged value from 4 DMSO-treated wells
per 96-well plate). The mean DMSO-treated control
luciferase/SEAP level in the absence of any drug was
set as 1, and luciferase/SEAP DMSO-normalized val-
ues were averaged across all studied drugs (2007 total).
SD and mean+ 3SD across all drugs were calculated.
A drug was considered a “hit” if its DMSO-normalized
luciferase/SEAP value was greater than 3 SD above the
mean DMSO-normalized luciferase/SEAP value for all
drugs in the screen, which is a commonly used cut-off
in drug screen hit evaluations [47-49]. Data are pre-
sented in Fig. 1B and Fig. S1A as percent luminescence
change relative to DMSO control levels.

(See figure on next page.)
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Real-time quantitative polymerase chain reaction (RT-qPCR)
For in vitro studies, relative messenger ribonucleic acid
(mRNA) abundance of human PICALM after treatment
with drug screen hits, or early growth response 1 (EGRI)
after artesunate treatment and/or EGRI silencing (see
below), were determined by RT-qPCR in Eahy926 human
endothelial cell line (ATCC CRL-2922). Cells were plated
in 12-well plates and grown to ~90% confluence. Drugs
were added at 3uM concentration and incubated for
24 hours. DMSO treated cells were used as control. Cells
were collected from each well and total RNA was pre-
pared using RNeasy kit (Qiagen, 74104) and real-time
qPCR amplification was performed using one-step SYBR
green qPCR kit (QuantaBio, 95087). Relative abundance
was calculated using AACt method normalized to the
house-keeping gene glyceraldehyde 3-phosphate dehy-
drogenase (Gapdh) as we described [50, 51]. Results were
then normalized to DMSO levels. Dose-response assays
were performed similarly by treating Eahy926 cells with
varying doses of artesunate. The following primers were
used:

Gene Forward primer Reverse primer

PICALM 5/- CTCCTGTATCCA 5/- CTGCTGCAAATCAAG
CCTCAGCA-3' CAGAT-3'

EGR1 5/- CCACGCCGAACA  5'- GAGGGGTTAGCG
CTGACATT-3' AAGGCTG-3'

GAPDH 5'- ACCACAGTCCAT  5-TCCACCACCCTGTTG
GCCATCAC-3/ CTGTA-3’

Fig. 1 A screen of 2007 FDA-approved compounds revealed artesunate as a lead drug candidate upregulating PICALM in cell assays and mouse
brain capillaries in vivo. A A PICALM promotor-driven secreted luciferase plasmid was integrated into HEK293t cells to create a stable luciferase
reporter cell line for PICALM drug screening. B Using the HEK293t luciferase reporter line, 2007 FDA-approved drugs were evaluated for PICALM
upregulation. Screen was run in triplicate at 3 uM drug concentration. Each point represents luciferase signal for each drug in the screen relative to
SEAP internal control and normalized to DMSO control luciferase signal in the absence of drugs. Drugs with luciferase increases over 3 SD above
the mean DMSO-normalized luciferase/SEAP value for all drugs (dashed line) were considered “hits”and further evaluated (see Methods and
Results). C Secondary mRNA evaluation of drug hits by RT-gPCR in human Eahy926 endothelial cells. Relative abundance of PICALM mRNA after

incubation of Eahy926 endothelial cells with top drug hits at 3 uM for 24 hours, normalized by the house-keeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA levels and compared to DMSO vehicle. Data are mean 4 SEM; n =3 independent cultures per condition.
Significance by ANOVA vs DMSO followed by Dunnett’s multiple comparisons test. D, E Relative abundance of PICALM mRNA (D) and protein levels
(E) after incubation of Eahy926 endothelial cells with top drug hit artesunate (Art) at 3 uM for 24 hours. The relative abundance of PICALM mRNA was
normalized by the GAPDH mRNA levels (D) or B-actin protein (E), and compared to DMSO vehicle. n =5 replicates for D, and n =3 replicates for E.

F Relative abundance of PICALM mRNA normalized by the GAPDH levels in the presence of different concentrations of artesunate. Bars represent
mean = SEM at each concentration studied; n =4-6 for each concentration. Individual values indicated by circles; gray line shows a sigmoid curve
fit to the data for determination of the EC50 value. G Relative abundance of EGRT mRNA after incubation of Eahy926 endothelial cells with 3 uM
artesunate for 24 hours. The relative abundance of EGRT mRNA was normalized by GAPDH mRNA levels, and compared to DMSO vehicle.n=3
replicates. H Relative abundance of PICALM protein levels after incubation of Eahy926 endothelial cells with 3 uM Art for 24 hours after silencing
EGRT (SiEGRT) or in the presence of control siRNA (siControl). n =3 replicates. I-J PICALM protein levels in brain capillaries (I) and capillary-depleted
brains (J) from Picalm™*~ mice treated i.p. with 32 mg/kg artesunate or vehicle for 1 week. n=4 mice per group. Individual replicates in D, E, G, H, or
mice in |, J indicated by circles; All data in these panels are mean £ SD. Significance in D, E, G, I and J by Student’s two-tail t-test. Significance in H,
by one-way ANOVA followed by Tukey post-hoc test. Full blots for E, H-J shown in supp. Fig. 5
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Fig. 1 (Seelegend on previous page.)

EGR1 silencing

Eahy926 human endothelial cells were plated as above,
and transfected with control or EGRI siRNA (D-001910-
10-50 and E-006526-00-0010, respectively, Dharmacon/
Horizon Discovery), similar to previously described [52].
For in vitro studies, 48hours after silencing, the cells
were treated with artesunate as above for 24 hours.

Animals
For mouse data shown in Fig. 1I and ], 3-4 mo old
Picalm™~ mice lacking one copy of Picalm gene [28,

53] were used. Transgenic mice with five familial Alz-
heimer’s disease (AD) mutations (5XFAD) used in this
study were purchased from The Jackson Laboratory (Cat.
No 34840). 5XFAD mice carry K670N/M67L (Swed-
ish), 1716V (Florida), and V7171 (London) mutations in
human APP (695), and M146L and L286V mutations in
human PSEN1 gene in the brain [54]. Both transgenes are
regulated by neuronal mouse Thyl promoter and express
transgenes exclusively in neurons [54]. Our preliminary
data indicated that sex did not influence the develop-
ment of AP pathology in 5XFAD mice at a disease stage
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that we studied consistent with some previous reports in
5XFAD mice [54-57]. Therefore, both female and male
mice were used in the study. 5XFAD mice were crossed
to Picalm™~ mice to generate PICALM-deficient 5XFAD
mice (Picalm™ ~;5XFAD). Data generated using these mice
appear in Figs. 2, 3, S2, S3, and S4. Untreated 5XFAD lit-
termates (5 mo old) were used for amyloid load charac-
terization and comparisons shown in Fig. S2. Mice with
an endothelial-specific PICALM deletion, Picalm'/;
Cdh5-Cre, were generated in our lab by crossing Picalm-
lox/lox mice [53] with CdhS-Cre mice (Jackson Laboratories
stock #006137), and then crossed to 5XFAD mice to pro-
duce Picalm"*"*%; Cdh5-Cre; 5XFAD mice. Data generated
using these mice appear in Fig. 4. The animals were housed
in plastic cages on a 12h light cycle with ad libitum access
to water and a standard laboratory diet. All procedures
were approved by the Institutional Animal Care and Use
Committee at the University of Southern California fol-
lowing National Institutes of Health guidelines.

Artesunate treatment

Artesunate (Sigma) was prepared in isotonic saline with
5% NaHCO; and administered to animals in a dos-
age of 32mg/kg/day [58]. Artesunate solution or vehi-
cle (saline with 5% NaHCO;) was administered daily by
intraperitoneal injections in Picalm*’~ mice for 7days
for preliminary drug evaluation (Fig. 11, J), or 3-month-
old Picalm™ —;5XFAD mice and Picalm"**;Cdh5-Cre;
SXFAD mice for 2months. Mice were weighed at the
start of treatments, and weight monitored weekly over
the duration of the treatments.

(See figure on next page.)
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Behavior

Before cerebral blood flow (CBF) studies and tissue col-
lection, mice were studied for behavioral changes using
novel object location, recognition, nesting, and burrow-
ing tests that were performed as previously reported [50,
59, 60] with modifications described below.

Novel object location and recognition

Animals were habituated in a 30 x 30 x 30 cm arena for
30minutes on two consecutive days. On the third day,
after 10minutes of habituation, animals were placed
in the arena with 2 approximately 5x5cm objects
(blocks of similar size and shape) placed near the top
left and right corners of the testing area. Animals were
allowed to explore the objects and area within the arena
for 10 minutes (training) then returned to their home
cages. For novel object location (NOL), 1.5hours after
the training, one of the objects was relocated diagonally
(novel) and the animals were reintroduced to the arena
and allowed to explore the area for 3 minutes. For novel
object recognition, 1.5h after the completion of NOL,
one of the objects was replaced with a new object (dif-
ferent shape and color) placed in the same location and
the animals were allowed to explore the area within the
arena for 5min.

After each trial, the testing arena and the objects were
thoroughly cleaned with 70% ethanol solution. All the
trials, including habituation, were recorded with a high
resolution camera and the amount of time each animal
spent exploring the objects was analyzed and presented
as % time spent with novel object/location over the sum

Fig. 2 Artesunate increases PICALM levels in brain capillaries, slows development of AR pathology, increases brain-to-blood clearance of AB, and
improves functional outcome in Picalm™ = 5XFAD mice. A Experimental treatment paradigm for Picalm™=; 5XFAD mice with artesunate (Art) or
vehicle. Mice were injected i.p. with 32 mg/kg/day Art or vehicle for 2 months, starting at 3 months of age, followed by behavior tests, evaluation
of cerebral blood flow (CBF) responses, and tissue collection and assays at 5 months of age. B PICALM protein relative expression levels in brain
capillaries isolated from Picalm™*’~: 5XFAD mice treated with vehicle or Art. n =4 mice per condition. C, D Amyloid-{3 42 (AB42) (C) and AB40 (D)

levels in the hippocampus (Hpp) and cortex (Ctx) in Picalm™~; 5XFAD mice treated with vehicle or Art. n =8-10 mice per condition (C: Hpp and Ctx
Vehicle: 5 male, 5 female; Hpp and Ctx Art: 5 male, 4 female. D: Hpp Vehicle: 4 male, 5 male; Hpp Art: 4 male, 4 female; Ctx Vehicle: 4 male, 4 female;
Ctx Art: 5 male, 4 female). E, F Representative images of AR immunostaining (E), and quantification of AR load in the Hpp and Ctx (F) in Picalm™'~;
5SXFAD mice treated with vehicle or Art. Scale bar in (E) is 500 um. n = 10 mice per condition (Hpp and Ctx Vehicle: 5 male, 5 female; Hpp and Ctx
Art: 6 male, 4 female). G, H Representative images of Thioflavin S-positive amyloid deposits (G) and quantification of Thioflavin S amyloid plaque
load in the Hpp and Ctx (H) in Picalm™~; 5XFAD mice treated with vehicle or Art. Scale bar in (G) is 500 um. n =9-10 mice per condition (Hpp and
Ctx Vehicle: 5 male, 5 female; Hpp Art: 6 male, 4 female; Ctx Art: 6 male, 3 female). I, J Representative images (I) and quantification (J) of AR vascular
load in small pial arteries and penetrating cortical arterioles in Picalm*'~; 5XFAD mice treated with vehicle or Art. AB vascular load is expressed as

a fraction of AB-positive area relative to a-smooth muscle actin (aSMA)-positive area of the vessel wall, normalized to the vehicle-treated group.
Scale barin (I) is 25 um. n =7 mice per condition. K, L Serum AB42 (K) and AB40 (L) levels in Picalm™=: 5XFAD mice treated with vehicle or Art.
n=8 mice per condition (4 male, 4 female). M Cerebral blood flow (CBF) response to whisker stimulation in in Picalm™*/~; 5XFAD mice treated with
vehicle or Art. n=8-9 mice per condition (Vehicle: 4 male, 4 female; Art: 6 male, 3 female). N, O Representative images (N) and quantification (O) of
blood-derived fibrin/fibrinogen extravascular leakage in the brain parenchyma in Picalm™'=: 5XFAD mice treated with vehicle or Art. Scale bar in (N)
is 25 um. n =7 mice per condition. P-§ Novel object location (P) and recognition (Q), burrowing (R), and nesting score (S) in Picalm™'~; 5XFAD mice
treated with vehicle or Art. n=9-10 mice per condition (P, R, and S: Vehicle: 5 male, 5 female and Art: 6 male, 4 female; Q: Vehicle: 4 male, 5 female
and Art: 6 male, 3 female). Single points per mouse indicated by circles in B-D, F, H, J-M, O, P-S, with boxes representing mean = SD. Significance
determined by Student’s two-tail t-test in panels B, F, H, K-M, R, and S, or Mann-Whitney U test in panels C, D, K, 0-Q. Full blots for B shown in supp.
Fig.5
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of time spent with novel and old objects. Object explo-  Burrowing

ration was defined as sniffing or touching an object with
the snout at a critical distance of <1cm from object, as
previously reported [45, 50]. Any animal that showed a
preference for either of the two objects before replace-
ment with the novel object/location, or explored
both objects for less than 5s was eliminated from the
analysis.

To assess burrowing behavior, mice were individually
placed in cages equipped with a polyvinyl chloride pipe
burrow [60]. The burrow was filled with 200g of mouse
food pellets, and the mice were allowed to burrow for
2h. The weight of the remaining food pellets inside the
burrow was determined to obtain a measurement of the
amount burrowed.
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Fig. 3 Artesunate does not alter the levels of AR processing proteins and AB clearance enzymes in Picalm™'=; 5XFAD mice. A amyloid precursor
protein (APP) abundance in cortex, B APP C-terminal fragment (APP-CTF) abundance in cortex. C 3-secretase (BACE1) abundance in cortex, D
soluble APP-{3 (sAPPR) levels in cerebrospinal fluid (CSF), E y—secretase activity as determined by the production of Notch intracellular domain
(NICD) fragment from Notch protein, indicated by NICD abundance in cortex, F neprilysin abundance in cortex, and G insulin degrading enzyme
(IDE) abundance in cortex of Picalm™~; 5X FAD mice treated with artesunate or vehicle as in Fig. 2A. The relative abundance of proteins was
normalized by the house-keeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein. Single points per mouse indicated by
circles, with boxes representing mean 4 SD. A-E, G n =8 per group; F n=7-8 per group. ns = non-significant by two-tailed t-test. Full blots for A-C,

E-G shown in supp. Fig. 5

Nesting

To assess nest construction behavior, mice were individu-
ally placed in their home cages with a nestlet ~1h before
the dark phase. The nests were assessed the next morning
and given a score of 1-5 based on their ability to shred
the nestlet and build a nest [60].

Cerebral blood flow studies

Before tissue collection and after behavioral studies, mice
were anesthetized (~1% isoflurane) and cerebral blood
flow (CBF) responses to vibrissal stimulation were deter-
mined using laser doppler flowmetry as described previ-
ously [50, 61]. CBF was recorded during stimulation and
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the percentage CBF increase was obtained by subtracting
the baseline from the maximum CBF value reached dur-
ing stimulus. A total of three trials were averaged for each
mouse with 10 minute recovery periods between trials.

Tissue collection

For tissue collection, mice were anesthetized intraperi-
toneally with 100 mg/kg ketamine and 10 mg/kg xylazine
and transcardially perfused with ice-cold 0.01M phos-
phate buffer saline (PBS), pH 7.4, containing 5 mM ethyl-
enediaminetetraacetic acid (EDTA). Brains were rapidly
removed, a portion of the frontal cortex was cut away for
microvessel isolation. One hemisphere of the remain-
ing tissue was embedded and frozen in optimal cutting
temperature compound (OCT, Tissue-Tek), and the other
hemisphere was snap frozen and saved for protein analy-
sis. Microvessels were isolated and capillary depleted
brain collected from the frontal cortex as previously
described [62] and used for protein analyses.

For Picalm'"*%; Cdh5-Cre characterization, microves-
sels were adhered to glass histology slides using a Cyto-
spin III Cytocentrifuge (Shandon, Pittsburgh, PA, USA)
and fixed in 4% PFA for 10 minutes for immunofluores-
cent analysis, or microvessel homogenates were immu-
noblotted for PICALM.

For Picalm"*; Cdh5-Cre mouse endothelial cells,
microvessels were digested (Collagenase/dispase, Roche
10,269,638,001), plated on gelatin-coated dishes and cul-
tured in endothelial cell media (CellBiologics H1186) as
previously described [63].

Immunohistochemistry (IHC)

Frozen brain hemispheres from transcardially per-
fused mice were serially sectioned in the coronal plane
on a cryostat (20pum; Leica) and post-fixed with 4%

(See figure on next page.)
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paraformaldehyde (PFA) for 10minutes. After washing
with PBS, the sections were blocked in 5% normal donkey
serum (Vector Laboratories)/0.3% Triton-X/0.01M PBS
for 1 hour and incubated with primary antibodies diluted
in blocking solution overnight at 4°C. We used the fol-
lowing antibodies: rabbit anti-human amyloid- (Ap) to
detect AP deposits; mouse FITC conjugated a-smooth
muscle actin (SMA) to visualize vascular smooth muscle
cells and rabbit polyclonal anti-human fibrinogen that
cross-reacts with mouse fibrionogen [51] (recognizes
both monomeric form of fibrinogen as well as fibrin-
ogen-derived fibrin polymers) to detect extravascular
fibrinogen deposits. To visualize brain vessels, sections
were incubated with Dylight 488-conjugated Lycoper-
sicon esculentum lectin together with primary antibod-
ies. After incubation in primary antibodies, sections
were incubated with fluorophore-conjugated secondary
antibodies (see Table 1 for details on antibodies used).
Microvessel cytospin slides were prepared similarly.
For detection of AP plaques, after PFA fixation the sec-
tions were incubated in 1% aqueous thioflavin-S (Sigma,
T1892) for 5 minutes and rinsed in 80% ethanol, 95% eth-
anol and distilled water. All the slides were mounted with
DAPI Fluoromount (Southern Biotech, 0100-20).

Amyloid-p and thioflavin-S deposits

Amyloid-B-positive and thioflavin-S-positive area were
determined using Image] software (US National Institutes
of Health) as previously reported [50]. Images were taken on
BZ9000 fluorescent microscope (Keyence) in single plain on
20x, subjected to threshold processing (Otsu) using Image]
and the area % occupied by the signal in the image area was
measured. In each animal, 5 randomly selected fields from
the cortex and hippocampus were imaged and analyzed in 4
nonadjacent sections (~100um apart).

Fig. 4 Complete endothelial knockout of PICALM eliminates all beneficial effects of artesunate in 5XFAD mice. A PICALM immunostaining is barely
detectable in lectin-positive endothelium in isolated brain capillaries from Picalm'®'®*; Cdh5-Cre mice compared to Picalm!®/'°* littermate controls.
Immunostaining is representative of n =3 for each mouse line. B PICALM immunoblotting of endothelial cells isolated from brain capillaries from
Picalm'®’'%; Cdh5-Cre and Picalm'®/' mice. The blot is representative of n =2 cultures for each mouse line. C, D PICALM immunoblotting of

brain capillaries (C) and capillary depleted (CD) brain (D) isolated from Picalm'®/'; Cdh5-Cre and Picalm'®/'** mice. n =4 for each mouse line. E
Experimental treatment paradigm for Picalm'®/'**, Cdh5-Cre; 5XFAD mice with artesunate (Art) or vehicle. Mice were injected i.p. with 32 mg/kg/day
Art or vehicle for 2 months, starting at 3 months of age, followed by behavior tests, evaluation of cerebral blood flow (CBF) responses, and tissue
collection and assays at 5 mo of age. F, G Amyloid-f3 42 (A 42) (F) and AB 40 (G) levels in the hippocampus (Hpp) and cortex (Ctx) in Picalm'™/

lox. Cdh5-Cre; 5XFAD mice treated with vehicle or artesunate (Art). H, I Representative images of AR immunostaining (H), and quantification of AB
load in the Hpp and Ctx (I) in Picalm'®/'*%; Cdh5-Cre; 5XFAD mice treated with vehicle or Art. Scale bar in (H) is 500 um. J, K Representative images of
Thioflavin S-positive amyloid deposits (J) and quantification of Thioflavin S amyloid load in the Hpp and Ctx (K) in Picalm'®'%%: Cdh5-Cre: 5XFAD mice
treated with vehicle or Art. Scale bar in (I) is 500 um. L, M Representative images (L) and quantification (M) of AR vascular load in small pial arteries
and penetrating cortical arterioles in Picalm'®/**, Cdh5-Cre; 5XFAD mice treated with vehicle or Art. AB vascular load is expressed as fraction of
AB-positive area relative to a-smooth muscle actin (aSMA)-positive area of the vessel wall, normalized to the vehicle-treated group. Scale bar in (L)
is 25 um. (N) Cerebral blood flow (CBF) response to whisker stimulation in Picalm!®/'%, Cdh5-Cre; 5XFAD mice treated with vehicle or Art. O-R Novel
object location (0) and recognition (P), burrowing (Q), and nesting score (R) in Picalm'®/°%. Cdh5-Cre: 5XFAD mice treated with vehicle or Art. In F, G,
I, K, M, N, n="7 mice per condition (Vehicle: 4 male, 3 female; Art: 5 male, 2 female). In O-R, n =8 mice per condition (Vehicle: 4 male, 4 female; Art:
6 male, 2 female). Single points per mouse indicated by circles in C, D, F, G, I, K, M-R, with boxes representing mean = SD. Significance determined
by two-tail t-test. Full blots for B-D shown in supp. Fig. 5
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single plain at 10x magnification, following previously
described protocol [50, 64, 65]. In every image, per-

cent area occupied with AP was divided by percent area

occupied with aSMA to obtain percent AP vascular load

reflecting development of CAA. Total of 10-15 vessels
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Table 1 Primary and secondary antibodies used for IHC
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Primary antibody or lectin (manufacturer, catalog #, dilution used)

Secondary antibody (manufacturer, catalog #, dilution used)

Human amyloid-f3

Rabbit anti-human 3-amyloid
(Cell Signaling, 8243S, 1:500)

Smooth muscle cells

Mouse FITC conjugated a-smooth muscle actin (SMA) (Sigma, clone
1A4, F3777,1:500)

Vasculature

Dylight 488-conjugated L. esculentum lectin (Vector Labs,
DL-1174,1:200)

Fibrinogen

Rabbit anti-human fibrinogen, cross-reacts with mouse fibrinogen [48]
(Dako, A0080,1:400)

PICALM

Goat anti-human PICALM, cross-reacts with mouse PICALM (Santa Cruz,
sc-6433, 1:200)

Microglia

Rabbit anti-mouse Iba
(Wako, 019-19741; 1:500)
Astrocytes

Rabbit anti-bovine GFAP, cross-reacts with mouse GFAP (Dako, Z0334,
1:500)

Alexa fluor 647-conjugated donkey anti-rabbit (Invitrogen, A-31573,1:500)

N/A

N/A

Alexa fluor 568-conjugated donkey anti-rabbit (Invitrogen, A-10042,1:500)

Alexa fluor 568-conjugated donkey anti-goat (Invitrogen, A-11057,1:500)

Alexa Fluor 568-conjugated donkey anti-rabbit (Invitrogen, A-10042, 1:500)

Alexa Fluor 568-conjugated donkey anti-rabbit (Invitrogen, A-10042, 1:500)

per animal in 4 sections and 5 images per section were
analyzed.

Extravascular fibrinogen deposits

Quantification was performed from maximum projec-
tions of 10um thick Z-stack images taken on BZ9000
fluorescent microscope subjected to threshold processing
(Otsu) using Image], and the amount of fibrinogen was
determined as integrated density of the deposits on the
abluminal side of the lectin-positive vessels, as described
previously [50, 51]. Representative images were taken on
a Nikon A1R confocal microscope with all imaging condi-
tions kept identical for both groups. In each animal, 5 ran-
domly selected fields from the cortex and hippocampus
were analyzed in 4 nonadjacent sections (~100 um apart).

Protein analyses

AB40 and AB42 specific enzyme-linked immunosorbent assay
(ELISA)

Hippocampi and cortices were homogenized in ice-cold
guanidine buffer (5M guanidine hydrochloride/50 mM
Tris HCl, pH8), as described previously [66]. Human
AB40 and AP42 levels in brain homogenates were
determined using a Meso Scale Discovery assay (MSD,
K15200E-1) following the manufacturer’s instructions,
as previously reported [50]. AB40 and AP42 levels in
serum were determined using the Meso Scale Discovery
assay kit (MSD, K15199G), following the manufacturer’s
instructions.

Soluble APPS (sAPP) assay

Cerebrospinal fluid (CSF) collected from cisterna magna
of anesthetized 5XFAD animal crosses was used to deter-
mine the levels of sAPPp released from the Swedish vari-
ant of amyloid precursor protein (APP) by MSD assay
(MSD, K151BUE-1), as previously reported [50].

Western blot

Eahy926 cells, isolated cortical microvessels or corti-
cal brain tissue was resuspended in 20x RIPA buffer
(50mM Tris pH8.0, 150mM NaCl, 1% NP40, 0.1% SDS,
0.5% sodium deoxycholate and Roche protease inhibi-
tor cocktail) and sonicated. After sonication the samples
were centrifuged at 20,000 x g for 30 minutes, and super-
natants were used for protein quantification (Thermo
Fisher, 23,228). Samples were prepared with lithium
dodecyl sulfate sample buffer (Invitrogen) and proteins
(5-10 pg total protein loaded per sample) were separated
by electrophoresis on NuPAGE Novex Bis-Tris precast
4-12% gradient gels (Thermo Fisher). After electropho-
retic transfer, nitrocellulose membranes were blocked
with blocking buffer (Thermo Fisher, 37,536) and incu-
bated overnight at 4°C with primary antibodies diluted in
blocking solution. After washing with tris buffered saline
containing 0.1% Tween 20 (TBST) membranes were
incubated with horseradish peroxidase (HRP)-conju-
gated donkey anti-rabbit or anti-goat secondary antibody
for 1 hour at room temperature (see Table 2 for details on
antibodies used), washed again in TBST and treated for
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Table 2 Primary and secondary antibodies used for Immunoblotting
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Primary antibody (manufacturer, catalog #, dilution used)

Secondary antibody (manufacturer, catalog #, dilution used)

PICALM

Rabbit anti-human PICALM, cross-reacts with mouse PICALM (Sigma, HPAO19061,

1:1000)
B-secretase 1 (BACET)

Rabbit anti-human BACET1, cross-reacts with mouse BACE1 (Cell Signaling, 5606,

1:1000)
Amyloid precursor protein (APP) and APP C-terminal fragments (APP-CTFs)

Rabbit anti-human carboxy terminus of APP, cross-reacts with mouse APP and

APP-CTFs (Cell Signaling, 76600S, 1:1000)
Neprilysin

Goat anti-mouse neprilysin (R&D systems, AF1126, 1:1000)
Notch 1, Notch Intracellular Domain (NICD)

Rabbit anti-human N-terminal sequence of the cleaved NICD, cross-reacts with

mouse NICD (Millipore Sigma, 07-1232, 1:1000)
Insulin degrading enzyme (IDE)

Rabbit anti-rat insulin degrading enzyme (IDE), cross-reacts with mouse IDE (Mil-

lipore Sigma, PC730, 1:1000)
Loading controls

Rabbit anti-human {-actin, cross-reacts with mouse 3-actin (Cell Signaling, 49708,

1:2000)

Rabbit anti-human GAPDH, cross-reacts with mouse GAPDH (Cell Signaling, 2118,

1:2000)

HRP-conjugated donkey anti-rabbit (Invitrogen, A16023,1:3000)

HRP-conjugated donkey anti-rabbit (Invitrogen, A16023,1:3000)

HRP-conjugated donkey anti-rabbit (Invitrogen, A16023,1:3000)

HRP-conjugated donkey anti-goat (Invitrogen, A16005, 1:3000)

HRP-conjugated donkey anti-rabbit (Invitrogen, A16023,1:3000)

HRP-conjugated donkey anti-rabbit (Invitrogen, A16023,1:3000)

HRP-conjugated donkey anti-rabbit (Invitrogen, A16023,1:3000)

HRP-conjugated donkey anti-rabbit (Invitrogen, A16023,1:3000)

5minutes with Super Signal West Pico chemiluminescent
substrate (Thermo Fisher) or Pierce ECL Western blot-
ting chemiluminescent substrate (Thermo Fisher, 32,106).
Membranes were either exposed to CL-XPosure film
(Thermo Fisher) within the linear dynamic range of the
film and developed in X-OMAT 3000 RA film processer
(Kodak) and intensity of blots determined using Image]
for quantification, or using a Carestream (KODAK)
IS4000MM Pro Image Station digital chemiluminescence
gel documentation instrument and accompanying Care-
stream Molecular Imaging Software. V 5.0 Software for
quantification. The intensity of protein bands was nor-
malized with respective loading control bands, as previ-
ously described [50]. Full blots for all blots presented in
the figures are included in Fig. S5.

Analysis of systemic biochemical parameters

For analysis of liver and kidney function ~ 200 ul of serum
was collected from the heart and sent to IDEXX BioRe-
search, Sacramento, CA for screening (test code 6006).

Statistical analysis

Sample sizes were calculated using nQUERY assuming
a two-sided alpha level of 0.05, 80% power, and homog-
enous variances for the 2 samples to be compared, with
the means and common standard deviation for different
parameters predicted from published and our previous

studies. GraphPad Prism 7.0 or later was used for sta-
tistical analysis calculations. F test was conducted to
determine similarity in the variances between groups
compared, and Kolmogorov-Smirnov normality test was
used to test normality of the data sets. Statistical signifi-
cance was analyzed by Student’s t-test or Mann-Whitney
U test, as appropriate. For multiple comparisons, one-
way analyses of variance (ANOVA) followed by Dun-
nett’s or Tukey multiple comparison test was performed,
or two-way ANOVA followed by Bonferroni post-test as
indicated in the figure legends. For all analyses, A p value
of less than 0.05 was considered to be significant. Data
are shown as scatter plots with single points per mouse
and/or culture, and boxes representing mean=+SD, or
bars graphs representing mean4SEM or mean=SD, as
indicated in the figure legends.

Results

A screen of FDA-approved drugs reveals artesunate

as a lead hit upregulating PICALM

To screen for drugs that upregulate PICALM, we first
generated an HEK293t cell line stably expressing secreted
luciferase, driven by a human PICALM promoter, and
SEAP internal control, driven by a CMV promoter using
a commercially available plasmid (GeneCopoeia, Rock-
ville, MD; Fig. 1A). Luciferase-expressing cells were
incubated with 2007 FDA-approved drugs from NIH
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Clinical Drug Collections NCC-202 and NCC-105 (727
compounds) and the MicroSource Spectrum Collection
(1280 compounds) libraries for 24hours at 3pM con-
centration, and media collected for luciferase and SEAP
analysis (Fig. 1B).

To identify hits from the screen, the luciferase/SEAP
signal was calculated for each drug, and normalized to
DMSO-treated control in the absence of any drug, as
described in the Methods. The mean DMSO-treated
control luciferase/SEAP level in the absence of any drugs
was set as 1. The mean+ SD for luciferase/SEAP values
across all drugs in the screen normalized to DMSO con-
trol was 1.0231+40.1232, or 2.31+12.32% increase from
DMSO control. From this, we calculated the mean+ 3SD
of the screen, a commonly used cut-off level in drug
screen evaluations to identify hits [47-49], to be 1.3926,
or 39.26% increase from the mean DMSO luciferase/
SEAP value for all drugs in the screen, which resulted in
18 unique hits (Fig. 1B, Fig. S1A).

Secondary assay carried out by RT-qPCR in human
Eahy926 endothelial cell line revealed that most of the
hits from initial screening in HEK293t cells did not sig-
nificantly upregulate PICALM mRNA relative to vehi-
cle 24hours after drug application (Fig. 1C). Some
compounds were not tested because of reported neu-
ronal toxicity in the literature (see Fig. S1B). The hits
that showed significant PICALM mRNA upregulation in
Eahy926 cells were the anti-malaria drug artesunate and
antimetabolite anti-psoriatic drug 6-azauridine (Fig. 1C;
Fig. S1B). Of these two drugs, 6-azauridine had been
removed from clinical use due to potential thrombotic
complications [67], and possible carcinogenicity and neu-
rotoxicity (Fig. S1B). This yielded artesunate as the lead
drug candidate.

Further testing showed that incubation of Eahy926
cells with artesunate (3uM for 24h) upregulated both
PICALM mRNA and PICALM protein levels by approxi-
mately 2-fold (Fig. 1D, E), and that artesunate dose-
dependently upregulated PICALM mRNA with EC50 of
2.1uM (Fig. 1F). Since it had been reported that EGR1
transcription factor controls PICALM expression [68],
we next studied whether artesunate requires EGRI1 to
increase PICALM. Our data show that artesunate upreg-
ulated EGRI mRNA in Eahy926 cells by approximately
2-fold (Fig. 1G), and that silencing EGRI abolished
artesunate-mediated PICALM upregulation (Fig. 1H),
indicating that EGR1 is required for artesunate-mediated
PICALM upregulation.

To see whether artesunate upregulates PICALM
in vivo, we treated Picalm-deficient (Picalm™'~) mice [28,
53] with a low artesunate dose (32mg/kgi.p.) for 7days
as previously reported [58]. Compared to vehicle, artesu-
nate increased PICALM protein levels in brain capillaries
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of Picalm™'~ mice by 2-fold (Fig. 1I), but did not signifi-
cantly alter PICALM levels in capillary-depleted brains
(Fig. 1]). These data suggest that artesunate upregulates
PICALM in the mouse brain capillaries in vivo confirm-
ing our in vitro observations in the human endothelial
cell line.

Artesunate slows development of AB pathology

and functional decline in a Picalm-deficient mouse model
of AD

To create a mouse model that recapitulates features
of PICALM reduction in AD [28, 31, 32], we crossed
Picalm™'~ mice [28, 53] to the SXFAD mouse line [54]
and generated Picalm-deficient Picalm™ ~; 5XFAD model
with elevated AP pathology compared to age-matched
SXFAD littermates as shown by increased AP42 and
AB40 levels in the hippocampus and cortex by 78 and
64% (AP42), and 160 and 130% (AP40), respectively,
and increased AP load and thioflavin S-positive plaque
load in the hippocampus and cortex by 78 and 67% (AP
load), and 101 and 108% (thioflavin S load), respectively
(Fig. S2). However, we did not find differences in amyloid
precursor protein (APP) processing, as shown by com-
parable brain levels of APP, APP C-terminal fragment
(APP-CTF), B-secretase (BACE1) and Notch intracellular
domain (NICD) fragment from Notch protein reflect-
ing its production by y—secretase, or differences in AP
degrading enzymes, as shown by comparable brain levels
of neprilysin and insulin-degrading enzyme (IDE), simi-
lar to that reported previously in Picalm™~ crosses with
APP**° mice [28] (Fig. S2).

Starting at 3 months of age, we treated Picalm™'™;
5XFAD mice with i.p. artesunate (32 mg/kg/day) or vehi-
cle for 2 months (Fig. 2A). Analysis of brain capillaries
isolated from these mice revealed a 2-fold increase in
PICALM levels after artesunate treatment (Fig. 2B). Con-
sistent with previously shown role of PICALM in enhanc-
ing AP clearance across the BBB in vivo [28], artesunate
treatment compared to vehicle reduced Ap42 and Ap40
levels in the cortex and hippocampus of Picalm™*'™;
5XFAD mice by 42 and 44%, and 29 and 33%, respec-
tively (Fig. 2C, D). Similarly, artesunate reduced Ap load
and thioflavin S-positive amyloid in the cortex and hip-
pocampus by 34-51% (Fig. 2E-H) and amyloid accumu-
lation in in small pial arteries and penetrating cortical
arteriole blood vessels by 44% (Fig. 2I, J). Importantly,
artesunate treatment increased blood serum AP42 and
AB40 levels by approximately 2-fold suggesting acceler-
ated clearance of AP from brain-to-blood (Fig. 2K, L).

Consistent with the reduction in AB pathology, artesu-
nate treatment of Picalm™~; 5XFAD mice improved
cerebral blood flow (CBF) response to whisker stimula-
tion by 53% (Fig. 2M), reduced leakage of blood-derived
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fibrinogen across the BBB by 27% (Fig. 2N, O), and
improved behavioral performance on novel object loca-
tion, novel object recognition, burrowing and nesting
tests (Fig. 2P-S).

Artesunate also suppressed the neuroinflammatory
response, as indicated by significantly (p <0.05) lower
numbers of ionized calcium-binding adapter molecule
1 (Ibal)-positive microglia by 28-25% and glial fibrillar
acidic protein (GFAP)-positive astrocytes by 23-36% in
the hippocampus and cortex, respectively, of Picalm™'~;
SXFAD mice (Fig. S3A-D).

Evaluation of biochemical parameters in blood indi-
cated no differences between artesunate- and vehicle-
treated Picalm™~; 5XFAD mice confirming normal levels
of liver enzymes, normal kidney analytes, no increase in
enzymes reflecting heart and skeletal muscle damage and
normal glucose levels, and no differences in bodyweight
over the course of treatment (Fig. S4). These data suggest
that artesunate does not exert systemic effects that could
potentially influence its central action.

Importantly, artesunate treatment did not alter amy-
loid precursor protein (APP) processing or AP degrading
enzymes. This has been shown by comparable brain levels of
APP and BACEL1 and CSF levels of soluble APP-$ (sAPPp),
as well as by comparable brain levels of NICD fragment
from Notch protein reflecting its production by y—secretase,
as well as by comparable levels of neprilysin and IDE in both
artesunate- and vehicle-treated mice (Fig. 3).

Deletion of endothelial Picalm abolishes the beneficial
effects of artesunate

To confirm more directly the role of endothelial PICALM
in the observed beneficial effects of artesunate, we next
generated endothelial-specific Picalm knockout mice
by crossing cadherin 5 (Cdh5)-Cre mice with mice car-
rying floxed exon 2 of the Picalm gene [53]. As shown
by immunostaining for PICALM and endothelial-spe-
cific lectin in brain capillary cytospins prepared from
Picalm'™"; Cdh5-Cre mice and Picalm'™/'* control
littermates, PICALM was nearly undetectable by immu-
nostaining in capillary endothelium from Picalm'™/'°%;
Cdh5-Cre mice compared to its robust expression in
endothelium in control Picalm'®/° littermates (Fig. 4A).
Deletion of PICALM from endothelium in Picalm'™
lox, Cdh5-Cre was also confirmed by immunoblotting
of brain endothelial cells cultured from brain capillaries
of these mice showing barely detectable PICALM band
compared to endothelial cells from Picalm'™/** litter-
mates (Fig. 4B). Additionally, we also show that brain
capillaries from Picalm'™"%; Cdh5-Cre mice compared
to Picalm' ™ controls had barely detectable PICALM
levels (Fig. 4C), while PICALM levels were unchanged in
capillary depleted brain of these mice (Fig. 4D).
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lox/lox,

We then crossed Picalm ; Cdh5-Cre mice to
5XFAD mice to generate Picalm'™/'%; Cdh5-Cre; 5XFAD
mice with a complete endothelial-specific Picalm dele-
tion. Using the artesunate treatment protocol as for the
Picalm™'~; 5XFAD animals above, at 3 months of age,
we treated Picalm'™'; Cdh5-Cre; 5XFAD mice with
i.p. artesunate (32mg/kg/day) or vehicle for 2 months
(Fig. 4E). We found that artesunate failed to reduce Af
pathology in hippocampus or cortex of Picalm'™/'%;
Cdh5-Cre; 5XFAD mice as indicated by comparable Ap42
or AB40 levels (Fig. 4F, G), Ap load and thioflavin S-posi-
tive amyloid load (Fig. 4H-K) in artesunate-treated com-
pared to vehicle-treated 5XFAD mice lacking endothelial
PICALM. Moreover, artesunate compared to vehicle did
not reduce amyloid load in blood vessels (Fig. 4L, M), nor
improved CBF responses to whisker stimulus (Fig. 4N) or
performance on four behavior tests in Picalm'*"'; Cdh5-
Cre; SXFAD (Fig. 40-R). Altogether these data indicate
that endothelial PICALM is critical for the observed ben-
eficial effects of artesunate on Af clearance and pathol-
ogy, and the associated functional outcome measures.

Discussion

Our screening of 2007 FDA-approved drugs in HEK293t
cells expressing luciferase followed by a secondary
mRNA screen in the human Eahy296 endothelial cell line
identified anti-malaria drug artesunate as the lead hit. We
showed that artesunate elevated by 2-3-fold PICALM
mRNA and protein levels in the Eahy296 cell line, and
in vivo in brain capillaries isolated from artesunate-
treated Picalm™~ mice. We next showed that artesu-
nate treatment of Picalm™~; 5XFAD mice increased
brain capillary PICALM levels by 2-fold, and reduced by
33-51% AP42 and AP40 levels, AP load, and thioflavin
S-positive amyloid in brain, as well as amyloid accumula-
tion in small pial arteries and penetrating cortical arteri-
oles representing CAA. The effects of artesunate on Ap
pathology were associated with improved functional out-
come including improved CBF responses, BBB integrity
and behavior on four different behavioral tests.

The observed beneficial effects of artesunate involved
upregulation of PICALM in brain capillaries, a site of
the BBB in vivo [69, 70], consistent with previous find-
ings showing that PICALM has a central role in control-
ling AP transcytosis and clearance across the BBB [28].
This role of PICALM includes regulation of key molec-
ular steps controlling AP trans-endothelial transport
including clathrin-dependent endocytosis of AB-LRP1
complexes at the abluminal side of the BBB endothelium
followed by guidance of internalized AB-LRP1 vesicles to
Rab5 early endosomes [26] and then to Rab11, a GTPase
which regulates recycling of vesicles controlling transcy-
tosis [71-73] and exocytosis [74] of ligands, ultimately
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resulting in AP transcytosis and clearance across the
BBB.

Although artesunate can reportedly cross the BBB [75]
which potentially may affect cells in the brain paren-
chyma directly, in our hands artesunate treatment did
not influence processing of AP protein as shown by
normal levels of APP, BACE1 and y-secretase activity
in brain tissue, and normal production of sAPPJ in the
CSF [76]. Artesunate also did not affect the levels of A
degrading enzymes neprilysin and IDE [76] in brain tis-
sue. Additionally, we did not find an increase in PICALM
levels in capillary-depleted brains from Picalm™’~ mice
which altogether suggests that the primary mechanism of
artesunate action in Picalm™~; SXEAD mice is upregu-
lation of PICALM in endothelium that in turn leads to
enhanced AP clearance across the BBB. This is supported
by our finding of substantially higher levels of Ap42 and
AB40 in serum of artesunate-treated animals compared
to vehicle reflecting accelerated brain-to-blood clearance
of Ap.

Several previous studies [28, 36, 37] and the present
study suggest that loss of PICALM increases AP pathol-
ogy [28, 36] and/or tau pathology [37], and leads to loss
of neuronal protection against Af toxicity [27, 77]. How-
ever, it has also been reported that reduction in PICALM
may result in reduced internalization of y-secretase
which in turn may reduce AP pathology as shown in
older Picalm-deficient Picalm*’~; A7 mice expressing
human APP with the Swedish and Austrian familial AD
mutations [78].

Although we do not have an explanation for the dis-
crepancy between the present and previous studies [27,
28, 36, 77] compared to a study showing reduction of A
pathology in the presence of PICALM deficiency [78],
it is possible that choice of model, experimental param-
eters, or other factors may contribute to the differences
observed. For example, notable differences between
Picalm-deficient A7 mice compared to SXFAD model of
Picalm deficiency are that A7 mice develop pathology at
a much slower rate than 5XFAD mice with AB42/AB40
ratio of over 100:1, in contrast to 5SXFAD mice with five
familial AD mutations (3 in APP: Swedish, Florida, Lon-
don; and 2 in presenilin 1 (PS1): M146L+ L286V), that
develop AP pathology much earlier with Ap42/AB40
ratio typically on the order of 10-20:1 [50, 54, 79]. It is
possible that the relative contributions of PICALM to dif-
ferent processes involved in AB homeostasis in different
models may lead to predominant activation of the clear-
ance mechanism across the BBB as we and others see in
Picalm-deficient SXFAD model as opposed to effects on
APP processing in neurons as seen in Picalm-deficient
A7 model.
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To further confirm the role of endothelial PICALM in
mediating beneficial effects of artesunate, we next stud-
ied the effects of artesunate treatment on Af pathol-
ogy and functional outcome in Picalm'™/'; Cdh5-Cre;
5XFAD mice with a complete endothelial-specific Picalm
deletion. Our data showed that PICALM is almost
completely deleted from brain capillary endothelium
in Picalm'™'*%; Cdh5-Cre mice compared to its robust
expression in control Picalm'/'* mice. We also showed
that brain capillaries isolated from Picalm'®\%; Cdhs-
Cre mice have barely detectable PICALM levels com-
pared to their Picalm'™/°* littermate controls. This not
only suggests that PICALM was efficiently deleted from
the BBB of Picalm'™'%; Cdh5-Cre mice but also indi-
cates that endothelial PICALM is a major source of brain
capillary PICALM in mice. Next, we showed that lack of
endothelial PICALM abolished all beneficial effects of
artesunate in SXFAD mice including those lowering A
pathology in brain as well as CAA. Consistent with these
findings, artesunate failed to improve CBF responses and
behavioral deficits in Picalm'®'%; Cdh5-Cre; 5XFAD
mice, overall confirming that endothelial PICALM is crit-
ical for the observed therapeutic effects of artesunate on
Ap pathology and functional outcome.

Artesunate, a soluble derivative of artemisinin, is cur-
rently in widespread use around the world to treat the
parasitic infection malaria [80], and is thought to func-
tion in this capacity by blocking cytochrome oxidase in
the parasites and producing reactive oxides in eryth-
rocytes, causing parasitic death [81]. Recent interest
in artesunate because of its potential anti-cancer, anti-
inflammation, and vascular injury applications [80-83]
also revealed that artesunate may act via alternate path-
ways in non-parasitic conditions. However, little is
known regarding mechanisms of PICALM regulation.
Consistent with a previous report suggesting that the
transcription factor EGR1 regulates PICALM expression,
and that increase in EGR1 expression led to increased
luciferase reporter expression driven by a proximal
PICALM promotor [68], we also found that artesunate
upregulated EGRI mRNA in the endothelial Eahy926 cell
line, and that silencing EGRI abolished artesunate-medi-
ated upregulation of PICALM. These data suggest that
EGRI is required for the observed artesunate-mediated
upregulation of PICALM. Artesunate was also reported
to activate the PI3K/Akt pathway in rodent models of
subarachnoid hemorrhage and myocardial infarction [82,
83], and the PI3K/Akt pathway has also been shown to
control EGR1 expression [84]. Whether these pathways
reflect an upstream mechanism of PICALM upregulation
by artesunate, and whether the same mechanisms can
operate in brain endothelium in vivo remain to be deter-
mined by future studies.
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Few clinical trials have investigated the potential side
effects of long-term treatment with artesunate or artesu-
nate-like compounds. A clinical study to evaluate the
efficacy of artemisinin, a variant of artesunate, for treat-
ing schizophrenia reported no adverse effects over pla-
cebo after 8 weeks of treatment [85]. This suggests that
artesunate is likely well tolerated over longer periods in
humans, but further study is required to develop and
optimize its regimen in patients with cognitive impair-
ment diagnosed within the AD spectrum.

Conclusions

The present results further underscore the importance
of vascular function and AP clearance across the BBB
in preventing the progression of AD-like pathology and
slowing functional decline. Our treatment was success-
ful in animals with relatively early stage AP pathology,
but remains to be seen whether artesunate can also be
beneficial in the 5XFAD model at a later stage with full-
blown pathology and cognitive impairment [54], and by
extension in individuals with mid- to late-stage AD when
amyloid accumulation is higher. Nevertheless, the pre-
sent data supports the potential of artesunate for early
stage disease in AD patients with positive AP biomarkers
including those with pre-clinical cognitive impairment
and early-stages of clinical progression to AD.

Abbreviations

AD Alzheimer's disease

Art Artesunate

APP Amyloid precursor protein
AB Amyloid-p

aSMA a-smooth muscle actin
BACE1 B-secretase

BBB Blood-brain barrier

CAA Cerebral amyloid angiopathy
CBF Cerebral blood flow

Cdhs Cadherin 5

Ctx Cortex

DMSO Dimethyl! sulfoxide

EGR1 Early growth response 1

GAPDH Gene glyceraldehyde 3-phosphate dehydrogenase
GFAP Glial fibrillar acidic protein

Hpp Hippocampus

Ibal lonized calcium-binding adapter molecule 1
IDE Insulin-degrading enzyme

iPSC Induced pluripotent stem cells

LOAD Late onset Alzheimer’s disease

LRP1 Lipoprotein receptor related protein 1

NICD Notch intracellular domain

NOL Novel object location

NOR Novel object recognition

PICALM  Phosphatidylinositol binding clathrin assembly protein
RT-gPCR  Real-time quantitative polymerase chain reaction
SAPPB Soluble APPB

SEAP Secreted alkaline phosphatase
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Additional file 1: Fig. S1. Drug hits identified with the HEK293t luciferase
reporter assay and a secondary RT-gPCR PICALM mRNA screen in Eahy926
endothelial cells. (A) Unique hits identified by the PICALM; Luciferase
screen in HEK293t cells shown in Fig. 1B. Percent increase of luciferase
luminescence from screen, normalized to SEAP and DMSO control (See
Fig. 1A, B and Methods) are indicated. (B) Table summarizing results of RT-
gPCR PICALM mRNA screen in Eahy926 endothelial cells shown in Fig. 1C,
and description of toxic or adverse indications reported in literature. Pic-
rotoneoamine and corticosterone were not evaluated further because of
their close similarity to other drug hits that did not yield significant PICALM
MRNA increases and their reported toxicity.

Additional file 2: Fig. S2. Characterization of PICALM loss and amyloid
pathology in Picalm™*'~; 5XFAD mice compared to SXFAD littermates. (A)
PICALM protein relative expression levels in cortex isolated from 5XFAD
mice or littermate Picalm™*'~; 5XFAD mice treated with vehicle as in Fig. 2A.
(B, €) Amyloid-f 42 (AB42) (B) and AR40 (C) levels in the hippocampus
(Hpp) and cortex (Ctx) in 5XFAD mice or littermate Picalm™'=; 5XFAD mice
treated with vehicle. Picalm™*'~; 5XFAD data is replotted from Fig. 2C, D.
(D) Quantification of AB load from pan-AB immunostaining in the Hpp
and Ctx in 5XFAD mice or littermate Picalm™~; 5XFAD mice treated with
vehicle. Picalm™=: 5XFAD data is replotted from Fig. 2F. (E) Quantification
of Thioflavin S amyloid plaque load in the Hpp and Ctx in 5XFAD mice

or Picalm™'=; 5XFAD mice treated with vehicle. Picalm™'~; 5XFAD data is
replotted from Fig. 2H. (F-K) Western immunoblotting of AR processing
proteins and AR clearance enzymes. (F) amyloid precursor protein (APP)
abundance in cortex, (G) APP C-terminal fragment (APP-CTF) abundance
in cortex. (H) B-secretase (BACE1) abundance in cortex. () y-secretase
activity as determined by the production of Notch intracellular domain
(NICD) fragment from Notch protein, indicated by NICD abundance in
cortex, (J) neprilysin abundance in cortex, and (K) insulin degrading
enzyme (IDE) abundance in cortex of 5XFAD mice or littermate Picalm™’~;
5XFAD mice treated with vehicle. The relative abundance of proteins was
normalized by the house-keeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) protein. Data is single points per mouse indi-
cated by circles, with mean =+ SD; n =7 mice per condition. Significance
determined by Student’s two-tail t-test. ns = non-significant by two-tailed
t-test. Full blots for A, F-K shown in supp. Fig. 5.

Additional file 3: Fig. S3. Artesunate alleviates microglia and astrocyte
responses in Picalm™~; 5XFAD mice. (A,B) Representative images of Iba1-
positive microglia (red) and Thioflavin S-positive amyloid deposits (ThS,
green) in cortex (A), and quantification of Iba1-positive microglia in the
hippocampus (Hpp) and cortex (Ctx) (B) in Picalm™~: 5XFAD mice treated
with vehicle or artesunate (Art) as shown in Fig. 2A. (C,D) Representa-
tive images of GFAP-positive astrocytes (red) and Thioflavin S-positive
amyloid deposits (green) in cortex (C), and quantification of GFAP-positive
astrocytes in the Hpp and Ctx (D) in Picalm™’'=; 5XFAD mice treated with
vehicle or Art as shown in Fig. 2A. Scale bars in A, C are 10 um. n =8 mice
per condition. Single points per mouse indicated by circles in B, D, with
mean = SD. Significance determined by Student’s two-tail t-test in panels
B, D.

Additional file 4: Fig. S4. Biochemical parameters in blood show no dif-
ferences between artesunate- and vehicle-treated Picalm™'=; SXFAD mice.
Picalm™’=; 5XFAD mice were treated with vehicle or artesunate (Art) as

in Fig. 2A. (A) Alkaline phosphatase (ALP), (B) aspartate aminotransferase
(AST), () alanine aminotransferase (ALT), (D) albumin, (E) total protein, (F)
total bilirubin, (G) blood urea nitrogen, (H) calcium, (I) creatine kinase, and
(J) glucose. (K) Mouse weights normalized to treatment starting weight
for Picalm™'=; 5XFAD mice treated for two months with vehicle or Art
starting at 3 mo of age as in Fig. 2A. AB, D-J, n =11 mice per condition; C,
n =9 vehicle and 11 Art treated mice; K, n =14 vehicle and 15 Art treated

mice. A-J, data is single points per mouse indicated by circles in with
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mean = SD. In K, data is mean =+ SEM. A-E, G-J, statistical significance was
determined by Student’s t-test, F by Mann-Whitney U test, and K by two-
way ANOVA followed by Bonferroni post-test. ns = non-significant.

Additional file 5: Fig. S5. Full Western immunoblots for data shown in
Figs. 1, 2,3 and 4 and Supp. Figure 2. Blots for each figure are indicated.
Dashed lines indicate bands used as representative images. Blots for

Figs. 1, 2, and 4 were imaged with CL-XPosure film, using loading amounts
and exposures within the linear dynamic range of the film. Blots for Fig. 3
and S2 were imaged with a Carestream 1S4000MM Pro Image Station
digital chemiluminescence gel detection instrument within the linear
dynamic range of the instrument (see Methods for blotting and detection
details).
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