American Journal of Pathology, Vol. 165, No. 3, September 2004
Copyright © American Society for Investigative Pathology

A Synthetic Peptide Blocking the Apolipoprotein
E/B-Amyloid Binding Mitigates B-Amyloid Toxicity
and Fibril Formation in Vitro and Reduces B-Amyloid

Plaques in Transgenic Mice

Marcin Sadowski,* Joanna Pankiewicz,*
Henrieta Scholtzova,* James A. Ripellino,*
Yongsheng Li,* Stephen D. Schmidt,"

Paul M. Mathews," John D. Fryer,*

David M. Holtzman,* Einar M. Sigurdsson,*? and
Thomas Wisniewski*37

From the Departments of Neurology,* Psychiatry® and
Pathology", New York University School of Medicine, New York,
New York; Nathan S. Kline Institute,” New York University,
Orangeburg, New York; and the Departments of Neurology,
Molecular Biology, and Pharmacology,* Center for the Study of
Nervous System Injury, Washington University School of
Medicine, St. Louis, Missouri

Alzheimer’s disease (AD) is associated with accumu-
lation of B-amyloid (AB). A major genetic risk factor
for sporadic AD is inheritance of the apolipoprotein
(apo) E4 allele. ApoE can act as a pathological chap-
erone of Af3, promoting its conformational transfor-
mation from soluble Af} into toxic aggregates. We
determined if blocking the apoE/Af interaction re-
duces AP load in transgenic (Tg) AD mice. The bind-
ing site of apoE on A corresponds to residues 12 to
28. To block binding, we synthesized a peptide con-
taining these residues, but substituted valine at posi-
tion 18 to proline (AB12-28P). This changed the pep-
tide’s properties, making it non-fibrillogenic and
non-toxic. A312-28P competitively blocks binding of
full-length AB to apoE (IC5, = 36.7 nmol). Further-
more, Af312-28P reduces AP fibrillogenesis in the
presence of apoE, and Af3/apoE toxicity in cell cul-
ture. AB12-28P is blood-brain barrier-permeable and
in AD Tg mice inhibits A3 deposition. Tg mice treated
with AB12-28P for 1 month had a 63.3% reduction in
AB load in the cortex (P = 0.0043) and a 59.5% (P =
0.0087) reduction in the hippocampus comparing to
age-matched control Tg mice. Antibodies against A3
were not detected in sera of treated mice; therefore
the observed therapeutic effect of A312-28P cannot
be attributed to an antibody clearance response. Our
experiments demonstrate that compounds blocking
the interaction between A and its pathological chap-

erones may be beneficial for treatment of B-amyloid
deposition in AD. (Am J Pathol 2004, 165:937-948)

A disturbance of amyloid-B (AB) homeostasis in Alzhei-
mer’'s disease (AD) leads to the accumulation of this
peptide in the form of plaques in the brain." Increased
production of AB peptides or their inadequate clearance
can lead to brain accumulation. It has been demon-
strated that peptides homologous to AB form amyloid
fibrils in solution if they reach a critical concentration.?
This process can be effectively promoted by AB patho-
logical chaperone proteins (for review, see®) such as
apolipoprotein E (apoE), especially its E4 isoform,* «
1-antichymotrypsin (ACT),® or C1q complement factor.®
They promote formation of AB fibrils, which remain se-
questered within the brain and accumulate in the form of
plagues.” Inheritance of the apo E4 isoform has been
identified as the major identified genetic risk factor for
sporadic, late-onset AD® and correlates with an earlier
age of onset and greater AB deposition, in an allele
dose-dependent manner.2-'°© ApoE is a 34-kd glycosy-
lated protein existing in three major isoforms E2, E3, and
E4, which differ in primary sequence at two residues. The
chaperoning effect of apo E on the formation of AB de-
posits has been studied in great detail. In vitro, all apo E
isoforms can propagate the B-sheet content of AB pep-
tides promoting fibril formation,"" with apo E4 being the
most efficient.? The dependence of AB deposition in
plaques on the presence of apoE has also been con-
firmed in vivo. Crossing APPY”'"F AD transgenic (Tg)
mice onto an apok knockout (KO) background resulted in
a substantial reduction of the AB load and an absence of
fibrillar AB deposits.'? Therefore, one can speculate that
the selective ablation of apoE’s effect on AB could po-
tentially have a therapeutic effect leading to diminished
AB deposition and decreased AB toxicity. ApoE hydro-
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phobically binds AB, forming SDS insoluble complex-
es.’®715 Although the affinity of binding depends on AB
conformation (AR soluble versus fibrillar), it remains in the
low nanomolar range.'" 3617 Prior studies have identi-
fied that residues 12-28 of AB are the binding site for
apoE on AB."3"® This sequence encompasses a hydro-
phobic domain (residues 14-21) and a B-turn (residues
22-28) which place two hydrophobic domains of A
(14-21 and 29-40/42) opposite each other allowing for
assembly of AB peptides into fibrils.’ Ma et al*® have
demonstrated that a synthetic peptide homologous to
12-28 amino acid sequence of AB can be used as a
competitive inhibitor of the binding of full-length AB to
apo E, resulting in reduced fibril formation and increased
survival of cultured neurons. These in vitro studies con-
firmed that the interaction of apoE with residues 12-28 of
AB is not just a non-specific hydrophobic interaction but
plays a pivotal role in the mechanism of AB pathology in
AD. The goal of this study is to investigate whether com-
pounds blocking the apoE/AB interaction can be devel-
oped into a novel therapeutic approach for AD. AB12-28
can be associated with toxicity, due to the 14 to 21
residue hydrophobic domain.?" It can also co-deposit on
existing AB plaques when injected into AD transgenic
(Tg) mice.?? Therefore, we have modified the AB12-28
sequence by substitution of the valine at residue 18 to
proline, rendering this peptide non-fibrillogenic and non-
toxic. Use of D-amino acids, amidation of the C-terminus,
and acetylation of the N-terminus were designed to ex-
tend the serum half-life of the peptide, prolonging in vivo
activity. In a series of experiments we analyzed the effect
of pharmacological blockade of apo E’'s pathological
chaperoning properties on AR fibrillogenesis and toxicity
in vitro using AB12-28 and AB12-28P. AB12-28P was also
administered to AD Tg mice to investigate the in vivo effect
of blocking the apoE/AB interaction on AB deposition.

Materials and Methods

Synthetic Peptides and Proteins

AB1-40, AB1-42, AB12-28, and AB12-28P were synthe-
sized in the W. M. Keck Facility at Yale University. Details
of synthesis, purification, and sequence verification were
described previously.?>2% AB12-28P (VHHQKLPFFAED-
VGSNK) was synthesized using D-amino acids and end
protected by amidation of the C-terminus and acetylation
of the N-terminus to minimize degradation by endoge-
nous peptidases and extend the half-life. AB12-28 (VH-
HQKLVFFAEDVGSNK) used in fibillization and tissue cul-
ture assays was also synthesized using D-amino acids to
control for the racemic isomer effect. For aggregation
studies and assessment of secondary structure, the pep-
tides were treated with 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP; Sigma, St. Louis, MO) as described elsewhere.?®
This treatment renders peptides monomeric with minimal
B-sheet content.

Recombinant apo E3 and apo E4, were purchased
from Calbiochem Corp. (San Diego, CA). Lipidated apo
E3 and apo E4 complexes were prepared from primary

cultures of astrocytes derived from Tg mice in which
human apo E3 or apo E4 were expressed under the
control of the astrocyte-specific glial fibrillary acidic pro-
tein (GFAP) promoter as described previously.?”—2°
Briefly, primary cultures of forebrain astrocytes were
maintained in serum-free Dulbecco’s modified Eagle’s
medium/Ham’s F-12 (1:1) with N2 supplement (Invitro-
gen, Carlsbad, CA) for 72 hours. The medium was re-
moved and clarified by centrifugation at 800 X g for 5
minutes and then concentrated by ultra-filtration. Human
apoE was isolated by immunoaffinity chromatography.
The purity of the apoE preparation was assessed by
SDS-PAGE.>®

Circular Dichroism Studies of Secondary
Structure

Aliquots of HFIP-treated peptides were reconstituted in 5
mmol/L Tris buffer (pH 7.0) to obtain a peptide concen-
tration of 100 umol/L and were incubated at 37°C. Circu-
lar dichroism (CD) was measured at indicated intervals
with t = 0 being immediately after the peptide was re-
constituted on a Jasco J-720 spectropolarimeter (Jasco,
Inc., Easton, MD) equipped with a model CTC-344 circular
temperature control system (Neslab Inc., Newington, NH)
according to our previously described protocols.'' 23" The
Lincomb, convex constraints and neural network algorithms
(Softsec software; Softwood Inc., Scranton, PA) were used
to obtain percentages of different types of secondary struc-
tures of analyzed peptides.33°

Aggregation and Fluorometric Experiments

All peptides were incubated alone at concentrations 100
wmol/L over a period of 10 days at 37°C in 100 mmol/L
Tris buffer (pH 7.4). AB1-42 was also incubated in the
presence of 1umol/L of lipidated apo E3 or E4 (100:1
molar ratio). In aggregation inhibition experiments, apo
E3 or E4 was preincubated with AB12-28P in a molar
ratio of 1:2 for 6 hours at 37°C and then added to freshly
reconstituted AB1-42. AB1-42 was incubated with
AB12-28P at a molar ratio of 100:2 as a control. Amount
of fibrils formed by the different peptides at different time
points was evaluated by a Thioflavin-T assay on a Perkin-
Elmer LS-50B fluorescence spectrophotometer (Perkin
Elmer Instruments, Shelton, CT) according to previously
published methods.*'" The mean *= SD (SD) for three
separate experiments was plotted in Figure 1. Statistical
analysis was performed by means of a repeated mea-
sures analysis of variance followed by a Tukey HSD
post-hoc test using CSS Statistica (version 6.1, StatSoft
Inc.; OK).

Cell Culture Neurotoxicity Studies

The effect of 1 to 100 umol/L concentrations of AB12-28
and AB12-28P on the viability of the SK-N-SH human
neuroblastoma cell line (American Type Culture Collec-
tion, Manassas, VA) was compared to the well estab-



lished neurotoxicity of AB1-40 and AB1-42 in this cell
line model.?*3637 Viability of SK-N-SH cells cultured in a
flat-bottom, 96-well microtiter plates in the presence of
peptides for 2 days, was assessed using the (3-(4,5-
dimethylthiazol-2yl)-2,5-diphenyl tetrasodium (MTT) met-
abolic assay?° according to the manufacturer's manual
(Roche Molecular Biochemicals, Indianapolis, IN).

In toxicity rescue experiments AB12-28 or Ap12-28P
were used to neutralize lipidated apoE4’s effect on
AB1-42 neurotoxicity. AB12-28 or AB12-28P was prein-
cubated with apo E4 in an equimolar concentration for 6
hours at 37°C then mixed with AB1-42, followed by ad-
dition to microtiter plates containing SK-N-SH cells. For
comparison, cells were incubated with AB1-42 alone and
with  AB1-42 and apoE4. Apo E alone, AB1-
42+AB12-28 and AB1-42+AB12-28P were used as ad-
ditional controls. The final concentration of peptides was
as follows: AB1-42 100 umol/L, AB12-28 and AB12-28P
0.5 umol/L and apoE4 0.5 uwmol/L. Two- and 6-day ex-
periments were performed and the cell viability was as-
sessed using the MTT assay. All experiments were run in
triplicate. The results from cell culture neurotoxicity stud-
ies were evaluated by one-way analysis of variance, fol-
lowed by a Dunnett’s test as a post-hoc analysis.

Competitive Inhibition Assay

Inhibition of AB1-40 binding to lipidated apoE4 in the
presence of AB12-28P was analyzed by enzyme-linked
immunosorbent assay (ELISA).>® ApoE4 100 nmol/L was
preincubated with an increasing concentration of AB12-
28P (0 to 400 nmol/L) in 10 mmol/L Tris buffer pH 7.4 for
3 hours at 37°C and then added to immobilized on poly-
styrene microtiter plates (Immulon-2; Dynatech Lab.,
Chantilly, VA) Ap1-40 (10 ng/well).®® After another 3
hours of incubation, at the same temperature, the plate
was washed and apoE4 bound to AB1-42 was detected
using 3D12 monoclonal antibody (mAb) 1:1000 (Biode-
sign Int.,, Saco, MA) followed by incubation with anti-
mouse 1gG HRP-conjugate (Amersham, Piscataway, NJ)
at 1:5000. The color reaction was developed with a
3,3,5,5-tetramethybenzidine substrate (BioRad), and op-
tical density (OD) was measured on a 7520 Microplate
Reader (Cambridge Technology, Watertown, MA). Non-
specific binding was determined using bovine serum
albumin and/or omitting the apoE4 in the assay. OD
values were converted to percentages with the binding of
apoE4 in the absence of inhibitor being considered as
100%. The mean = SD (SD) from three independent
duplicate experiments was plotted in Figure 3 and ana-
lyzed by a one-site competition non-linear regression fit
algorithm using GraphPad Prism version 4.0 (GraphPad
Software, San Diego, CA).

Blood-Brain Permeability Studies

AB12-28P was labeled with Na['?°I] (Amersham) using a
two-step reaction. First, sulfo-succinimidyl-4-hydroxy-
benzoate was coupled (Sulfo-SHB, Pierce, Rockford, II)
to side chain amino groups of lysine residues (AB posi-
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tions 16 and 28)%°° and then these sites were labeled
with Na['2°I] using IODO-BEADS (Pierce) according to
the manufacturer’'s instructions. Unbound '?°l was re-
moved using a gel filtration column (Bio-Gel P-6, Bio-Rad,
Hercules, CA).*' AB1-40, used for comparison, was
tagged with Na['2®1] using IODO-BEADS directly.

The blood-brain permeability of AB12-28P was as-
sessed using the perfusion and capillary depletion tech-
nigues***3in 10 C57BLJ wild-type mice (22 to 25 g body
weight). Animals were anesthetized by intraperitoneal in-
jection of ketamine HCI (0.12 mg/g) and xylazine (0.016
mg/g)** and their neck vessels were dissected as de-
scribed elsewhere. 4243 125|_.A812-28P (12.3 nmol) or "2
-AB1-40 (11.6 nmol) and inulin [C'*]-carboxylic acid
(1.33 nCi/mg) as a cerebrovascular space marker (mo-
lecular weight = 5175 Da)*® were injected into the right
carotid artery and blood samples were collected from the
jugular vein on the ipsilateral side. After the infusion was
completed, the brain vasculature was washed out with 20
ml of medium without radiolabeled tracers and the ani-
mals were sacrificed by decapitation. The brain was in-
stantly removed from the skull, arachnoid membranes
were peeled away, and the choroid plexuses were sep-
arated by dissection. The ipsilateral hemisphere was ho-
mogenized in phosphate-buffered saline (PBS) (1:10 w/v)
with a cocktail of protease inhibitors (Complete, Boehr-
inger Mannheim, Mannheim, Germany) and separated
from remaining microvasculature by filtrating the homog-
enate through mesh nylon net with 60-um pores.*® The
25| and '*C radioactivity in the brain and vessel fractions
were determined in a Beckman 4000 gamma counter and
a Beckman LS-7000 liquid scintillation spectrometer, re-
spectively (Beckman-Coulter, Fullerton, CA).

Brain uptake of radiolabeled AB12-28P and AB1-40
was expressed as perfusion ratio*” Vp = Cgr/Cp, Where
Cgr and Cp_ are cpm/g of brain and cpm/ul of serum,
respectively. The volume of distribution for a given pep-
tide was corrected for capillary uptake by subtracting Vp
of inulin from V5 of peptide. V of inulin was on average
14 = 5 ul/g.

Determination of the Half-Life of AB12-28P

The half-life of AB12-28P was determined after a single
bolus injection of 80 wg end-protected '2°|-AB12-28P
into the femoral vein of six anesthetized wild-type
C57BL6J mice. Blood samples were collected at several
time points and the concentration of radiolabeled peptide
in the serum was assessed using the trichloroacetic
(TCA) acid precipitation method, as described else-
where.*® Bioavailability of '2°|-AB12-28P following intra-
venous administration was compared with bioavailability
following single intranasal administration of the same
dose of peptide (80 ug). This experiment was performed
in another six wild-type C57BL6J mice which received a
diluted peptide in 10-ul drops instilled into both nostrils
over 5 minutes.

Radioactivity measurements at separated time points
were transformed into percentage values compared to
serum radioactivity following intravenous injections at t =
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0 as 100%. The mean = SD from all tested animals was
plotted in Figure 4 and analyzed by a one-phase expo-
nential decay non-linear regression fit algorithm using
GraphPad Prism version 4.0. To compare the extent of
drug bioavailability after the administration of a single
intravenous or intranasal dose the area under both
curves were calculated.*®

Testing Activity of AB12-28P in Vivo

Initial testing of AB12-28P toxicity in vivo was performed
on five wild-type C57BL6J mice which received intraperi-
toneal (i.p.) injections of 1 mg of AB12-28P diluted in 0.5
ml of sterile PBS three times per week for 4 weeks. Mice
were observed for an additional 2 weeks and all re-
mained alive and well. They were monitored for change in
body weight, physical appearance, measurable clinical
signs, unprovoked behavior, and response to external
stimuli.*®-%° Following sacrifice, sections from the brain,
liver, gut, spleen, kidney, and heart were examined using
hematoxylin and eosin staining.

The effect of AB12-28P on AB deposition was tested in
APPKE7ONMETIL pGM146LGoble Tg mice.®'®° There
were six AB12-28P-treated and six vehicle-treated sex-
matched APPKE7ONME7IL/PGYMI4EL mice in this study.
The first administration of AB12-28P or vehicle was be-
gun at 4 months of age, at which time the APP67ON/Me71L;
PS1M146L mjice already have modest numbers of AB le-
sions.®*%® The treatment was continued for 4 weeks (1
mg i.p. three times per week) and animals were sacri-
ficed a week after the last injection with an overdose of
sodium pentobarbital (150 mg/kg i.p.) and transcardially
perfused with PBS and paraformaldehyde as described
before.?*°¢ The brain was cut into serial, 40-um thick
coronal sections using a freezing microtome (Leica
SM2400, Nussloch, Germany). Sections were collected in
10 separated series. Each of them contained a complete
set of sections spaced 400-um apart along the rosto-
caudal axis of the brain. Cut sections were stored in
cryoprotectant (30% sucrose/30% ethylene glycol in 0.1
mol/L phosphate buffer) at —30°C until stained. AB de-
posits were stained either with 6E10 mAb (raised against
residues 1-16 of AB®") or Thioflavin-S for fibrillar amy-
loid.®® Details of used immunohistochemical techniques
were published previously.?*°6:5% Sections stained with
6E10 mAb were developed using 3,3-diaminobenzidine
tetrahydrochloride with nickel ammonium sulfate and
were not counterstained. This produced black staining of
AB deposits against a transparent background that facil-
itated selecting density threshold and quantification of AB
deposits. All brains were stained at one time to avoid
variability in the intensity of staining that may occur be-
tween different batches.

AB deposits were quantified in the neocortex and in the
hippocampus using a random, unbiased sampling
scheme and semi-automated image analysis system.
First, one of the collected series of brain sections were
selected for immunostaining with 6E10 mAb using a ran-
dom number generator. There are on the average 14 to
15 cross-sections throughout the neocortex and seven

cross-sections throughout the hippocampus in each
series. This gives a similar number of entries for both
structures. In the second step the whole profile of the
neocortex and the hippocampus as appearing on the
coronal plane cross-sections were traced using the Bio-
quant image analysis system (R&M Biometrics Inc.,
Nashville, TN), which randomly superimposed a grid (800
pm X 800 um) over the traced contour. Test areas (640
pwm X 480 pum) were applied by the image analysis
system over knots of the grid. With such designed sam-
pling schemes, AB load was analyzed in 98 = 16
(mean = SD) test areas in the neocortex per brain and
31 = 6 test areas in the hippocampus. About 48% of
cross-section area of a structure of interest was covered
by a sum of test areas. Efficiency of sampling scheme
was verified using an algorithm proposed by West and
Gundersen,®~¢" whereby the square of variation coeffi-
cient for an experimental group should be more than two
times larger than the square of error coefficient calcu-
lated for AB load in both the neocortex or the hippocam-
pus in an individual animal in this group. If this condition
is met, adding more test areas does not enhance the
accuracy of stereological measurements.®® Such a sam-
pling scheme designed in a fully random and unbiased
manner helps to counterbalance the natural tendency of
AB to be deposited in a non-homogenous manner in AD
Tg mice.

Images of the test areas were captured and a thresh-
old optical density for immunostained AB plaques was
obtained. The black color of AB deposits and the lack of
counterstaining allowed for easy and reliable discrimina-
tion of stained objects from the background. Plaques
were automatically outlined by the particle analysis pro-
tocol of the software, numbered and measured. Objects
smaller than 170 wm? (average cross-sectional area of a
hippocampal pyramidal neuron + 2 standard devia-
tions)®2%% were filtered out. The sum of all areas of
plagues outlined in a test field and their number in a test
field was measured. If needed, artifacts such as non-
specific meningeal or vascular staining were eliminated
manually. Two parameters AB load (ie, percentage of test
area occupied by AB) and numerical density of AB
plaques (number of plaques in a test area divided by its
area — 0.307 mm?) were calculated. Differences be-
tween groups were analyzed by means of the Mann-
Whitney U-test.

To demonstrate that the observed treatment effect is
not associated with an immune response, plasma of an-
imals treated with AB12-28P were tested for the pres-
ence of antibodies against AB using a sandwich
ELISA.2%%* Plasma of animals vaccinated with AB homo-
logues peptide, K6AB1-30, given with Freund’s as an
adjuvant, which is known to induce an immune response
against AB, were used as a positive control.2* Mouse
sera in increasing range of dilution 1:50 to 1:25600 were
applied to Immunolon-2, 96-well microtiter plates coated
with AB1-42 or AB1-40 and incubated overnight at 4°C.
The plates were then washed in PBS, followed by incu-
bation with goat anti-mouse |g HRP-conjugate (Amer-
sham). Development of color reaction and OD measure-
ments were performed as described above.



Table 1. Circular Dichroism Measurements
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Ap1-42 AB12-28 AB12-28P
Time a- B- Random a- B- Random a- B- Random
(h) helix sheet coil helix sheet coil helix sheet coil
0 4 49 47 41 2 57 39 2 59
24 2 51 47 41 2 57 39 2 59
96 2 58 40 41 2 57 39 2 59

Measurements of circular dichroism (CD) at different time points shown as a percentage of «=-helix, B-sheet, and random coil. Peptides were
incubated at concentration 100 umol/L in 5 mmol/L of Tris buffer at 37°C. Values were calculated based on the Lincomb and neural network

algorithms.

Results
Studies of AB12-28P in Vitro

The secondary structure of peptides was analyzed be-
cause an increased B-sheet content of AB peptides is a
prerequisite for fibril formation and is associated with
toxicity. CD measurements performed immediately after
reconstitution of peptides with 5 mmol/L Tris buffer (pH
7.0) showed that the secondary structure of AB12-28 and
AB12-28P is dominated by a-helix and random cail,
which constitute 41% and 57%, or 39% and 59% of the
total protein structure, respectively (Table 1). The B-sheet
content of both peptides was minimal (2%), in contrast to
AB1-42, which had a CD spectrum at time = 0 consistent
with 49% B-sheet content. The secondary structure of
AB12-28 and AB12-28P remained stable during the 72
hours of incubation at 37°C, whereas the B-sheet content
of AB1-42 increased from 49% to 58%. These findings
were consistent with analysis of fibrillogenic potentials of
the studied peptides using the Thioflavin-T assay. AB12—
28P did not form any fibrils during 10 days of incubation
(Figure 1A). In AB12-28 a small amount of fibrils could be
detected following 24 hours of incubation which contin-
ued to increase until day 6 when fluorescence levels
reached a plateau. However, compared to AB1-40 or
AB1-42, the amount of fluorescence emitted by the
AB12-28 solution was significantly lower (P < 0.0001,
repeated measures analysis of variance; AB12-28 versus
AB1-40 and AB12-28 versus AB1-42 P < 0.001, Tukey
HSD post-hoc test). This indicated that the fibrillogenic
potential of AB12-28 is significantly lower than that of
full-length AB peptides.

Apo E3 and apo E4 act as pathological chaperones in
A fibrillization. 3565 In their presence, the amount of
fibrils formed by AB1-42 over time was significantly in-
creased (Figure 1B). However, when apo E3 or apo E4
were preincubated with AB12-28P before addition to the
AB1-42 solution, a significantly lower amount of fluores-
cence was recorded over time (P < 0.0001, repeated
measures analysis of variance; P < 0.01 and P < 0.05
Tukey HSD post-hoc test for specific effect of AB12-28P
on Apo E4 and apo E3, respectively). After a 24-hour
incubation, a relative reduction in fluorescence by 25.3%
was observed for apo E4 and by 14.5% for apo E3,
whereas by day 6 the reductions were 50.9% and 54.1%
respectively. There were no significant differences be-
tween curves produced by AB1-42 in the presence of
apo E3 and E4 inhibited by AB12-28P and AB1-42 alone

or AB1-42 with AB12-28P. However, within 24 hours of
incubation the fluorescence of AB1-42 with apo E and
AB12-28P were higher than those produced by AB1-42
alone or AB1-42 with AB12-28P. Differences between
AB1-42 incubated in the presence of apo E4 and apo E3
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Figure 1. A: Thioflavin-T assay demonstrates the modest ability of AB12-28
to form fibrils which is significantly lower than AB1-40 and AB1-42 (P <
0.0001, repeated measures analysis of variance; P < 0.001 AB12-28 versus
AB1-40 and AB12-28 versus AB1-42 Tukey HSD post-hoc test). No fibrils
were formed by AB12-28P. B: AB1-42 was incubated in the presence of
cither apo E3 or apo E4 (solid red and blue lines) that significantly
increased amount of fibrils formed over time compared with AB1-42 alone
(green line; P < 0.0001, repeated measures analysis of variance; P < 0.01
and P < 0.05 Tukey HSD post-hoc test for specific comparison of ABI1—
42+apo E4 and AB1-42+apo E3 versus AB1-42 alone, respectively). Chap-
eroning effect of apo E4 and apo E3 on AB1-42 fibril formation was signif-
icantly reduced if apo E was preincubated with equimolar concentrations of
APB12-28P (dashed red and blue lines; P < 0.07 and P < 0.05 Tukey HSD
post-hoc test for specific effect of AB12-28P on Apo E4 and apo E3, respec-
tively). There were no significant differences between fibrillization curves of
AB1-42 incubated with apo E4 and AB12-28P or apo E3 and AB12-28P
versus AB1-42 incubated alone. AB12-28P alone had no significant effect on
AB1-42 fibril formation.
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Figure 2. Cytotoxicity assay using SK-N-SH human neuroblastoma cells. A:
No significant reduction in viability was observed when cells were incubated
with AB12-28 or AB12-28P. In contrast, even the lowest concentration of
AB1-40 or AB1-42 resulted in significant cytotoxic effect (one-way analysis
of variance P < 0.0001, post-hoc Dunnett’s test P < 0.01 for AB1-42 and P <
0.05 for AB1-40 versus control) VEH-vehicle. B: Toxicity of AB1-42 in cell
culture was potentiated in the presence of apo E4 (P < 0.01 AB1-42 versus
AB1-42/apo E4). This chaperoning effect of apo E could be neutralized if
apo E4 was preincubated with AB12-28 or AB12-28P (AB1-42/apo E4 versus
AB1-42/apo E4/AP12-28 or AP1-42/apo E4/AP12-28P P < 0.05 for 2-day
assay and P < 0.01 for 6-day assay). Apo E alone did not reduce cell viability.
Slightly increased cell viability was observed if AB1-42 was incubated with
AB12-28P without apo E for 6 days (P < 0.05), but not for 2 days. Adding
AB12-28 to AB1-42 did not alter cell viability. For clarity of the figure, only
significance between AB1-42/apo E4 versus AB1-42/apo E4/AB12-28 and
AB1-42/apo E4/AB12-28P were marked.

versus AB1-42 alone or AB1-42 with AB12-28P were
statistically significant (P < 0.01; and P < 0.05). This
indicates that in a presence of AB12-28P both apo E3
and apo E4 have a reduced ability to promote the fibril
formation of AB1-42. AB12-28P alone had no significant
effect on AB1-42 fibrillogenesis.

No significant reduction in the viability of SK-N-SH
human neuroblastoma cells was observed when cells
were incubated with AB12-28 or AB12-28P at a concen-
tration ranging from 1 umol/L to 100 umol/L (Figure 2A).
In contrast, a significantly reduced viability of SK-N-SH
cells was noted after a 2-day incubation with AB1-40 or
AB1-42 starting from concentration as low as 1 umol/L
(P < 0.05 for AB1-40 and P < 0.01 for AB 1-42).

In a separate experiment, AB1-42 (100 wmol/L) was
incubated with apo E4 (0.5umol/L). This produced a
significantly greater reduction in cell viability compared
to incubation with AB1-42 alone (P < 0.01 [Figure 2B]).
If the apo E4 was preincubated with an equimolar con-
centration of either AB12-28 or AB12-28P before adding
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Figure 3. In a competitive inhibition assay, AB12-28P (0 to 400 nmol/L/L)
was preincubated with 100 nmol/L apoE4 and added to AB1-40 coated
wells. Results are expressed as a percentage of residual apo E4 binding,
considering binding of apoE4 in the absence of inhibitor as 100%. Data
representing the mean * SD of three independent duplicate experiments
were fitted into one-site competition curve. Half of maximal inhibition (IC5,)
was calculated to be 36.7 nmol/L.

to AB1-42 a significant rescue of the cell viability could
be demonstrated (P < 0.05 for the 2-day time point and
P < 0.01 for the 6-day time point). The viability of SK-
N-SH cells incubated in the presence of apo E4 alone
(0.5 umol/L) was not significantly reduced compared to
the control group (only vehicle added). Slightly increased
cell viability was observed if AB1-42 (100 wmol/L) was
incubated with AB12-28P (0.5 umol/L) without apo E for
6 days (P < 0.05), but not for 2 days.

Pharmacokinetic and Blood-Brain Barrier
Permeability Studies

A competitive inhibition assay was performed to demon-
strate the ability of AB12-28P to specifically bind to apoE
and block the binding to the full-length AB peptide. Pre-
incubation of apoE4 with increasing concentrations of
AB12-28P resulted in decreased affinity toward immobi-
lized AB1-40 (Figure 3). The concentration of AB12-28P
producing half-maximal inhibition (IC5,) was calculated
from a non-linear regression, one-site competition curve
as 36.7 nmol/L. The inhibition constant (K,) of AB12-28P
was calculated to be 11.37 nmol, given the known disso-
ciation constant (Kp) of AB1-40 binding to apoE is ap-
proximately 10 nmol."'#66

AB12-28P was synthesized from D-amino acids and
end-protected to prevent its biodegradation and extend
its potential therapeutic effect. The plasma half-life of
AB12-28P was estimated from intravenous injection of a
single dose of '2°-AB12-28P experiment to be 62.2 + 18
minutes (mean = SD) (Figure 4). This contrasts with a
plasma half life of 2 to 3 minutes for non-end-protected
AB1-40.%" The presence of '?5I- AB12-28P in the serum
could also be demonstrated following intranasal admin-
istration. Att = 0 the serum level was equal to about 40%
of the level achieved after administration of the same
amount of peptide intravenously. In contrast to the serum
profile, where the level of peptide decreased sharply,
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Figure 4. Serum level of '*°I-AB12-28P following single intravenous (dia-
monds) or intranasal (open circles) dose. Values represent percentage of
drug serum level considering drug serum level at t = 0 after intravenous
administration as 100%. Values are expressed as mean = SD for all animals
studied (7 = 6 for intravenous and 7 = 5 for intranasal). The half-life of
AB12-28P following single intravenous injection was analyzed using one-
phase exponential decay non-linear regression fit algorithm. It was calculated
to be 62.2 = 18 minutes.

following intranasal administration, the serum level re-
mained stable for the first hour and then started to de-
crease slowly, matching the level of peptide after intra-
venous administration at t = 3 hours. However, when the
areas under the curve for intravenous and intranasal admin-
istration were calculated, no significant differences were
found. This indicates that the extent of drug bioavailability
after intravenous administration is comparable to bioavail-
ability of the same dose administered intranasally.

An inhibitor of apoE/AB binding has to be able to cross
the BBB to exert its therapeutic effect. The BBB perme-
ability of AB12-28P was studied using the brain perfusion
and capillary depletion techniques. The volume of distri-
bution (V) of 2°1- AB12-28P after trans-carotid perfusion
was calculated to be 65 = 20 wl/gram of brain tissue
(mean = SD) whereas the V of '#°I- AB1-40 under the
same experimental conditions was 81.3 = 40 ul/gram
(difference not statistically significant). More than 90% of
1251 AB12-28P was found in the capillary-depleted brain
fraction indicating that the majority of the peptide crossed
into the brain parenchyma and was not retained in the
vascular compartment.

Reduction of AB-Load in APP/PS1 Mice after
AB12-28P Treatment

Before testing the effect of AB12-28P on AB load in Tg
mice, a toxicity test was carried out using five wild-type
mice which received 1 mg of AB12-28P three times a
week for 4 weeks; the same protocol later used on the Tg
mice. No changes were noted in treated animals in terms
of body weight, physical appearance, unprovoked be-
havior or response to external stimuli. Hematoxylin and
eosin-stained sections of the brain, heart, liver, gut,
spleen, or kidneys did not reveal any pathology.
Treatment with AB12-28P was started at the age of 4
months. After 4 weeks of peptide administration, the AB
load in the neocortex and in the hippocampus of treated
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Figure 5. Significant reduction in the area covered by AB (A load [A]) and
in numerical density of AB plaques [B] was observed in APp K670N/Mo71L,
PSIMMOL Tg mice treated with AB12-28P compared to age-matched Tg
control animals treated with placebo.

animals was 63.3% (P = 0.0043) and 59.5% (P = 0.0087)
lower compared to age-matched control Tg animals,
which received vehicle (Figure 5A and Figure 6, A and B).
There was also a reduction in the numerical density of AB
plaques in treated mice by 60.1% in the neocortex (P =
0.0079) and by 49.6% in the hippocampus (P = 0.0043)
(Figure 5B). The reduction in the density of AB plaques
was also seen on Thioflavin-S staining which selectively
labels AB deposits in a fibrillar form (Figure 7).

Treatment with AB12-28P had a marked effect on re-
ducing the density of plaques in all size categories. There
was a 52.8% reduction in the density of small plaques
(cross-section area < 500 um?, P < 0.0043), a 53.5%
reduction in the number of medium-size plaques (cross-
section area > 500 um? and < 1000 um?; P < 0.05), and
a 44% reduction in the number of large plaques (> 1000
wm?; non-significant) in the neocortex (Figure 8A). In the
hippocampus, the reduction in the density of plaques in
each size category was 37.6% for small plaques (P <
0.05), 48.6% for medium-size plaques (P < 0.05), and
65.4% for large plaques (P < 0.05, Figure 8B).
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B

Figure 6. Hemispheric sections of APPKO7ON/MO71L/pgMI6L Tg mice treated
with AB12-28P (A) and with vehicle (B). Reduced density of AR deposits
following 4 weeks of treatment with AB12-28P is evident compared to
age-matched control double Tg. 6E10 mAb immunohistochemistry; bar,
500um.

At the time of sacrifice, sera of wild-type and Tg mice
treated with AB12-28P were collected and tested for
presence of anti-AB antibodies. No anti-AB antibodies
were detected in mice treated with AB12-28P, whereas
under the same conditions, positive control, sera of
APP KE7ONMETIL mjice immunized with K6AB1-30-NH,,
and Freund’s adjuvant,®* showed the presence of anti-AB
antibodies with a titer ranging from 1:1000 to 1:10,000.
This indicates that the effect of AB12-28P on AB load
cannot be attributed to a humoral response against AB.

Discussion

Accumulation of AB, a 39-43 amino acid peptide, in
brains of AD patients is a hallmark of AD pathology.®®
Complementary pieces of evidences derived from in vivo
and in vitro studies have demonstrated that apoE critically
promotes AR fibrillization and deposition.?® The most
striking example, emphasizing the role of apoE as a
pathological chaperone of B -amyloidosis comes from

Figure 7. Reduction in numerical density and cross-section area of plaques
were also noticed on sections stained with Thioflavin-S for fibrillar AB. A and
C, treated animals; B and D, vehicle. A and B, neocortex; bar, 500 wm. C and
D, hippocampus; bar, 125 um.
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Figure 8. Treatment with AB12-28P resulted in reduced number of small (<
500 pwm?), medium-sized (> 500-< 1000 um?), and large plaques (> 1000
um?) both in the cortex (A) and in the hippocampus (B). This demonstrates
an effect of inhibition of pathological chaperones on the development of
new AB plaques. *, P < 0.05; **, P < 0.01, Mann-Whitney U-test.

experiments with generation of APPY” """ /apoE '~ mice
which have a delayed onset of AB deposition, a reduced
AB load, and no fibrillar AB deposits, compared to
APPV717FjapoE /" Tg mice. APPY71"F/apoE ™ mice dem-
onstrate an intermediate level of pathology.'®®°~"" Neu-
tralization of the chaperoning effect of apoE would there-
fore have a mitigating effect on AB accumulation. To
investigate this potentially therapeutic mechanism, we
synthesized a peptide homologous to residues 12-28 of
AB which is a specific apoE binding domain."®'® Such
peptide could attach to apoE preventing its binding to the
full-length AB.2° To avoid intrinsic toxicity associated with
its residual capacity to form fibrils and hence ability to
co-deposit on existing plaques, the sequence of
AB12-28 was modified by replacing valine for proline in
position 18. This rendered AB12-28P non-fibrillogenic, as
demonstrated by CD and Thioflavin-T aggregation as-
says, as well as non-toxic in cell culture. These modifica-
tions did not modify the affinity of AB12-28P to apoE. In a
competitive inhibition assay, AB12-28P reacted with lipi-
dated apoE preventing its binding to full-length AB



with 1Cgq = 36.7 nmol/L. An effect of apoE on A fibril
formation and toxicity in cell culture was significantly
reduced in the presence of AB12-28P. Synthesis of
AB12-28P with end-protection and using of D-amino ac-
ids extended its half-life in the serum to 62 minutes,
contrasting with the very short half-life of L-amino acid,
non-end-protected AB1-40 (2 to 3 minutes).®” AB12-28P
is BBB permeable allowing for an in vivo effect within the
brain. APPKE7ONME7IL/PSIMI46L AD) Tg mice treated with
AB12-28P had a significantly lower AB load, similar to
what is observed in mice with decreased apoE expres-
sion.'28971 The initial AB plagues in APPKE7ONME7IL)
PS1M146L mice appear at 3 months of age; whereas,
between the fourth and the fifth months of life, AB depo-
sition follows an exponential curve where new plaques
are actively formed.®>* We show that administration of
AB12-28P for a period as short as 1 month resulted in an
over twofold reduction in AB load and plaque density
compared to untreated age-matched Tg animals. An ef-
fect of AB12-28P on AB deposition occurs without a
humoral response since we did not detect any anti-AB
antibodies in the sera of treated animals.

Little is known about dynamic plaque growth in vivo.
Early, in vitro models have suggested that AB deposits
may grow by deposition of soluble AB”? and that apo E is
critical for this process (for review, see Tomiyama et al®).
More recently, Christie et al”® using in vivo multiphoton
microscopy demonstrated that the size of already formed
AB deposits remains unchanged in 18-month-old Tg2776
AD Tg mice over 5 months of longitudinal observations. In
addition, an average diameter of a plaque stained with
Thioflavin-S in Tg mouse brain does not change appre-
ciably between 12 and 22 months, although plague den-
sity increases between these time points almost sixfold.”>
In our study, treated mice showed a decreased density of
plaques in all size categories implying that blocking the
AB/apo E interaction in vivo decreases the rate of new
plague formation. Whether or not this form of treatment
may also have an effect on the growth dynamic of
plagues remains to be confirmed.

Although in vitro AB homologous peptides can aggre-
gate and form fibrils spontaneously, with apo E acting
only to accelerate this process,** it is likely that in vivo AB
oligomerization and deposition is much more dependent
on the presence of apo E.”* In vitro fibrillization experi-
ments demonstrated that proportionally minute amount of
apoE can exert a chaperoning effect with molar AB:apoE
ratio being 100 to 200:1.*° This shows that a very small
amount of apokE is sufficient to propagate fibril formation
and indicates that only a small amount of apoE has to be
pharmacologically targeted. Therefore even with limited
BBB permeability, a therapeutic effect of AB12-28P
could be demonstrated in vivo.

The pharmacological targeting of apoE has to take into
account that apoE is involved in the clearance of A from
the central nervous system (CNS) across the BBB in
addition to a role as a pathological chaperone.””® ApoE
KO mice and mice expressing human apoE4 on murine
apoE KO background have impaired clearance of syn-
thetic AB injected into the brain parenchyma compared
to mice expressing human isoform apoE3.”” Therefore,
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apoE plays a dual role in AB clearance and deposition,
which is likely dependent on the concentration of CNS AB
and that of other AB binding proteins. Given the opposing
roles apoE has on AB peptides in the CNS, it is conceiv-
able that blocking apoE/AB binding would increase the
amyloid burden. However, it appears that the role of apo
E as a pathological chaperone outweighs its role in AB
clearance since APPY"'"F/apoE ~/~ mice have a de-
crease in both AB load and level.’®®°~7" Similarly, our
pharmacological blocking of the Ap/apoE interaction in
this study is consistent with the dominance of a patho-
logical chaperone function. Evidence comparing AB lev-
els in APPVY7'"F Tg mouse strains crossed to either apoE
or apoJ KO lines suggest that apod and apoE can effec-
tively replace each other in their AB clearance function. It
is only when both apod and apok are knocked out that AB
amyloid deposition is increased.”®

AD is a progressive disease for which only palliative
treatment is currently available. A number of potential
new therapeutic approaches targeting pathological biol-
ogy of AD, and B-amyloidosis in particular, are emerging.
The vaccination approach has shown great promise in
model animals;?*7°~8" however, human trials have
shown toxicity to be a major problem.®? Targeting the
secretase enzymes which are responsible for releasing
AB from APP has also been a major therapeutic focus.
However, these enzymes are involved in several other
functions®¥8¢ and selective inhibition of AB cleavage
without associated significant toxicity is a substantial is-
sue. Compared to vaccination®” or y-secretase inhibi-
tors,®8 blocking of pathological chaperones is not asso-
ciated with the risk of an autoimmune reaction or affecting
multiple signaling pathways including Notch-1 and wnt.®®
Animals treated with AB12-28P did not produce a hu-
moral response related to the peptide’s small size and
because no adjuvant was administered. Our data dem-
onstrates that inhibiting AB/apoE interaction over a rela-
tively short period of time can have dramatic effects on
amyloid burden, highlighting the importance of apoE in
the balance of clearance versus aggregation/deposition
of AB. Therefore, inhibitors of AB pathological chaper-
ones may be an alternative approach for the treatment of
AD amyloidosis. Results of this initial study make this
concept worthy of further exploration including biochem-
ical and behavioral characterization of treatment effects
in various AD Tg models co-expressing familial AD-linked
mutations and the different allelic forms of the human
apoE gene.
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