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Abstract

In this study, we evaluated the anti-amyloid effetfunctionalized nanoliposomes (mApoE-PA-
LIP) in a mouse model of Alzheimer’s disease (ADO)hwuse of positron emission tomography
(PET) andB-amyloid (AB) targeted tracer-{C]PIB. APP23 mice were injected with mApoE-PA-
LIP or saline (3 times per week for three weeks) BIC]PIB imaging was performed at baseline,
after the treatment and after three months follpw-period, accompanied by BA
immunohistochemistry and ELISA. After the treatmdmC]PIB binding ratios between mApoE-
PA-LIP and saline groups were equivalent in alllgged brain regions; However, in the saline
group, binding ratios increased from the baselvtggreas no increase was detected in the mApoE-
PA-LIP group. During the additional follow-up€]PIB binding increased significantly from
baseline in both groups, and binding ratios coteélavith the immunohistochemically defined A
load. This study further supports the use'dE€]PIB PET imaging as a biomarker of Aleposition

in APP23 mice, and highlights the benefits of nowvasive follow-up, i.e. using baseline data for
animal stratification and normalization of treatmeffects to baseline values, for future anti-

amyloid treatment studies.
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1. Introduction

Alzheimer’s disease (AD) is a slowly progressingnoelegenerative disorder that at present affects
approximately 36 million people worldwide. Unlesgnsficant improvements for prevention and
treatment can be found, the number has been estimatise to 115 million by 2050 (Wimo, et al.,
2014). The disease mechanism of AD is still notauated in detail; However, accumulation of
beta-amyloid (8) to extracellular plaques as well as the presaicsoluble oligomeric forms
(APo) have been suggested to be key events in the lmfaiAD patients, leading to other
pathophysiological and neurotoxic changes, suchneseased and spread tau pathology and
synaptic dysfunction (Hardy and Selkoe, 2002,Kaemath De Strooper, 2016). Since the postulation
of the amyloid cascade hypothesis 25 years agodgHand Higgins, 1992), there has been
tremendous efforts to develogAargeted compounds, aiming to either prevent extmsnation of

AB in the brain, or to remove already existing deposits, for disease modifying treatment of AD

(Karran and Hardy, 2014). Unfortunately, such coommbhas still not reached the market.

Non-invasive molecular imaging technique positromission tomography (PET) is highly
beneficial for research and drug discovery of CN&akes, enabling tha vivo monitoring of
various pathological processes, target engagemnmehtraatment effects in human brain. For AD
research, a positive amyloid PET scan obtained wWAfh binding radiotracers such as
[*'C]Pittsburgh Compound BYC]PIB) is currently recognized as a valid biomarkébrain A
deposition (Dubois, et al., 2014), and can exptbiteclinical A3-centric drug trials as an inclusion
criterion for AD patients in addition to longitu@dihmonitoring of A8 accumulation as a secondary
outcome. Micro-PET imaging of Apathology in transgenic (Tg) mouse models of tleease
using ['C]PIB and other B-tracers provides an ideal translatiomalvivo method for preclinical
proof-of-concept studies (Zimmer, et al., 2014)] &mdate, changes infAdeposition have already
been successfully followeth vivo using multiple mouse models of AD and differentyéod

tracers (Brendel, et al., 2014,Maeda, et al., 2@@wpok, et al., 2012,Rominger, et al.,,
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2013,Snellman, et al., 2013,Snellman, et al., Zt#ner, et al., 2014). However, even though the
potential advantages of longitudinal vivo amyloid PET for preclinical drug development have
been suggested by the authors, micro-PET imagind[bfhas still mainly contributed to the

characterization of novel PET radiotracers and ahimodels rather thanfAtargeted drugs.

Nanotechnology and different functionalized nanamalts offer a novel innovative approach for
therapy of CNS diseases, often made challengindinbyed penetration of drugs to the brain
through the blood—brain barrier (BBB) (Re, et 20]12). Liposomes (LIPs) have been traditionally
used as drug-carriers (Bozzuto and Molinari, 20h®)\wever, functionalized LIPs have recently
been developed also as potential AD therapeutiakl(Bci, et al., 2014,Bana, et al., 2014,Mancini,
et al.,, 2016,Re, et al., 2011). These LIPs aretiomalized with two ligands, phosphatidic acid
(PA) to bind A (Gobbi, et al., 2010) and a modified peptide fribva receptor-binding domain of
apolipoprotein E containing amino acid residues-14D (mApoE) to increase BBB passage via
the LDL receptor-mediated system (Re, et al., 20IB¢se LIPs, known as mApoE-PA-LIPs, have
been seen to bind topA 42in vitro, inhibit its aggregation, promote the rupture loéady existing
deposits, and enhance the efflux ¢foAn a BBB-model (Bana, et al., 2014,Mancini, et 2016).

In subsequenin vivo studies, mMApoE-PA-LIPs also decreased the amoatsA AB, and A3
deposits in the brain of APP-PS1 mice and sigmfigarestored long-term recognition memory
compared to a control group (Balducci, et al., 30These observenh vivo effects have been
suggested to be exerted partially by an enhanceaieamontaneous fefflux from the brain via a

peripheral sink effect (Mancini, et al., 2016).

The objective of this study was to validate the ofén vivo [*'C]PIB micro-PET imaging for
following anti-AB treatment effects in preclinical studies by londihally evaluating the acute and

long term effect of mApoE-PA-LIPs for cerebra Aeposition in the APP23 mouse model of AD.



2. Materials and Methods

2.1. Preparation and characterization of mApoE-PiR4.

Nanoliposomes known as mApoE-PA-LIPs were generatetlcharacterized as described earlier
(Balducci, et al., 2014) and were prepared frestityeach week of the study (n = 3). Cholesterol
and sphingomyelin were obtained from Sigma-Aldiigh Louis, MO, USA), PA and Mal-PEG-PE

from Avanti Polar Lipids, Ltd (Alabaster, AL, USAJhe size of the LIPs was determined by
dynamic light scattering before the mApoE functioretion and it was 190 £ 18 nm with a

polydispersity index < 0.35. The lipid concentratiaf mApoE-PA-LIPs was 15.6 = 0.5 mM based
on sphingomyelin content. LIP functionalization lwinApoE peptide residue was carried out as

described by Re and co-workers (Re, et al., 2010).

2.2. ['C]PIB synthesis

[*'C]PIB was synthesized from cyclotron-producédC]methane that was halogenated by gas
phase reaction intdIC]methyl iodide (Larsen, et al., 1997) and conwéxtaline into {*C]methyl
triflate (Jewett, 1992). After introducing thé'¢]methyl triflate into a solution of desmethyl
precursor 6-OH-BTA-0 (0.6-1.0 mg) in acetone (2004t 0 °C, followed by 3 min reaction at 80
°C, the product was purified in a HPLC column (YNR@ek ODS-A, 5 um, 10 x 250 mm, YMC
Co.,Ltd., Japan) and a solid phase extraction @iidge (Sep-PakLight, Waters Corp., Milford,
MA, USA). Ascorbic acid solution (Ascor&l|l 100 mg/ml, Sanorell Pharma GmbH, Germany) was
used against radiolysis, that otherwise occurrathdipurification at specific activity (SA) levels
over 1 TBg/umol. For the HPLC mobile phase, AsdBrél ml) was added into 1 | of
methanol/water (65:35 v/v). Solid phase extrachatk dilution and washing solutions consisted of
water (30 ml) and Ascoréll(50 pl). The product was extracted from the odgei by ethanol,
diluted with propylene glycol/0.1 M phosphate buffaixture (1.5:8.5, v/v) to a < 10% ethanol

level and filtered through a sterile filter (Mille&gV, 0.22 um, 33 mm, Merck Millipore Ltd.,



Ireland). An analytical HPLC column (Kinetex XB-C186 pum, 3.00 x 50 mm, Phenomenex Inc.,
USA ), acetonitrile in POy (0.05 M, 25:75 v/v) mobile phase, 1 ml/min flowtega3.5 min run
time and detectors in series for UV absorption (3%#8) and radioactivity were used for
determination of identity, radiochemical purity antss concentration. The SA dt¢]PIB was
1280+ 290 GBgiimol (21 batches) at the end of synthesis. The caeimical purity exceeded 99%

in all syntheses.

2.3. Animals

Male (n = 10) and female (n = 2) APP23 Tg mice dab@-17 months were obtained from Novartis
(Basel, Switzerland). The APP23 mouse model expsesaman APP751 with the Swedish double
point mutation (K670M/N671L) driven by the neurgpmesific mouse Thy-1.2 gene fragment as a
promoter. A immunoreactive plagues develop progressivelyiataftom the frontal cortex (FC)
and extending to the whole neocortex (NC) and leppwpus (HC) (Sturchler-Pierrat, et al., 1997).
Mice were housed in individually ventilated cagas,an ambient temperature of 213 °C and
humidity of 55+ 15%. Lighting and dark-cycles altered in 12 hiftshstarting at 6:00 a.m. Mice
hadad libitumaccess to soya-free chow (SDS RM3 (E) soya-freg780; Special Diets Service)
and tap water. Animals were sacrificed after tret RET scan by cardiac puncture in Isoflurane

anesthesia. The animal study was approved by therid& Animal Experiment Board of Finland.

2.4. Experimental design

Figure 1 illustrates schematically the chronology [6'C]JPIB imaging and mApoE-PA-LIP
treatment of APP23 mice. Mice were divided into tgroups receiving either mApoE-PA-LIP (n =
5) or physiological saline (n = 7) as control. Heparation of animals into two groups is described
in Table 1. Animals were allocatedto saline and mApoE-PA-LIP groups to preserve shme
mean age in each. As illustrated in Figure 1, aftéial [*'C]PIB scanning, mice received 100 pL

intraperitoneal injections of either mApoE-PA-LIBs physiological saline following the protocol
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described earlier (Balducci, et al., 2014). APP28enover 15 months of age were used because
they are known to have pAplaque formation already detectable ByC|PIB PET imaging
(Snellman, et al., 2013). The pre-defined brairasu@ interest were the FC, NC and HC, based on
the abundance ofAdeposition in the APP23 model (Snellman, et &13Sturchler-Pierrat, et al.,

1997).

2.5. In vivo }'C]PIB PET imaging

As illustrated in Figure 1, APP23 mice were repdigtémaged with 'C]JPIB and an Inveon
Multimodality PET/CT camera (Siemens Medical Sans, Knoxville, TN, USA). The mice were
anesthetized with 2.5% Isoflurane, and after astrassion scan for attenuation correctidnCJPIB
was injected intravenously (10.3 £ 0.5 MBq, injecteass 3.4 + 0.6 ng, SA 1085184 GBgiumol

at the time of injection). PET data were collecteda 60 min period and divided into 51 time
frames (30 x10 s; 15 x 60 s; 4 x 300 s; 2 x 608nsl) reconstructed with use of 3D-OSEM. The
voxel size was 0.8 x 0.8 x 0.79 mnDynamic images were co-registered with CT scams fthe
same mouse and a mouse brain template, and analgreg Inveon Research Workplace 3.0
(Siemens Medical Solutions). Volumes of interesD(s) for the FC (15 m), NC (64 mnd), HC
(12 mn?) and cerebellum (CB, 21 niin were defined by the used mouse brain templateugd

MRI brain template, 2005).

2.6. Analysis of PET data

All data sets were analyzed without prior knowleddgehe treatment status of the mice. The CB
was used as the reference region becayseeposition does not occur in this region in APP23
mice (Sturchler-Pierrat and Staufenbiel, 2000). i®&g time—activity curves were calculated for
each VOI, and'fC]PIB binding was quantified as bound-to-free bimiatios for the late washout

phase (40-60 min p.i.) as previously described l{®a@, et al., 2013). Changes in binding ratios

were calculated for follow-up intervals, as definedrigure 1.



2.7. Tissue collection

As indicated in Fig. 1, after the last PET scanlihe@ins from mApoE-PA-LIP (n = 4) and saline
treated mice (n = 2) were dissected and the hemisphwere separated. The left hemisphere was
frozen in chilled isopentane on dry ice, storedtigint at —70 °C and later cut into serial sagittal
cryosections used for IHC. The right hemisphere wasded into the forebrain (without the
olfactory system and brain stem) and CB, frozehqguid nitrogen, and stored at —70° C for later

preparation of brain homogenates for ELISA.
2.8 ELISA analysis

The right forebrain of each animal was homogenind@BS, pH 7.4, containing protease inhibitors
(Complete, Roche, Mannheim, Germany) and subjectedtracentrifugation for 3 h (100,000)¢
The supernatant was collected and stored at —ffo€to analysis as the PBS-solublp fRaction.
The pellet was further homogenized in 5 M Guaniditt® buffered to pH 8.0 with 0.05 M Tris-
HCI with protease inhibitors, agitated for 3 h atdred at —70 °C prior to analysis as the PBS-
insoluble/Guanidine HCI-soluble pAfraction. Finally, the amount of A.40 and AB1.4> from each
sample was quantified according to the protocoégifor the used ELISA assay kit (Humafi; Ay
and AB1-42 ELISA, Thermo Fisher Scientific, Waltham, MA, USA)he results were normalized on
the basis of the wet brain tissue weight and esgasis nmol/mg brain tissue (PBS-insolubfy A

or pmol/mg brain tissue (PBS-solubl@)A

2.9. Thioflavin S staining and immunohistochemistry

The left hemisphere of each mouse was sliced lodigially into 14 um cryosections using
CM3050S cryostat (Leica Biosystems, Nussloch, Gagnaifter each of four sections was placed
on a different slide, a slice of approximately @b thickness was removed and discarded. Four
more 14 um sections were then sliced and eachgBsguentially on one of the four slides. This

treatment of mouse brains continued until a totaix sections were mounted per slide. Each slide,



thus, contained six sections so that the sectiatis nespect to their locations in the brain were
separated from each other by 0.5 mm. Slides wifjacadt sections were treated separately as

follows.

For Nissl staining, fresh-frozen sections were fiastd in 4% paraformaldehyde for 30 min, rinsed
with PBS, and incubated in cresyl violet soluti@igfma-Aldrich Co., St. Louis, MO, USA), for 20
min. Sections were imaged with a 3DHistech SlideanBer and evaluated using CaseViewer

software v. 1.3 (3DHistech Ltd., Budapest, Hungary)

ThS (Sigma-Aldrich, St. Louis, MO, USA) staining svearried out as described (Snellman, et al.,
2012) and evaluated with a SteREO Lumar V12 miapsc Images were captured with an
Axiocam HRm camera (Zeiss, Jena, Germany). Fortdication of Ap load, microscope images
with 10x (FC, NC) and 4x (HC) magnification werepttaed with use of an Olympus BX60

microscope and an Olympus DP71 camera (Olympusyd,alapan).

Fresh-frozen sections used for anfl:Ao(Millipore, Temencula, CA, USA), anti4\_4»(Millipore,
Temencula, CA, USA) and anti-lba-1 (Wako Pure Clwamindustries, Ltd., Osaka, Japan) IHC
were first fixed in 4% paraformaldehyde for 30 mifor anti-AB;_401-475taining sections were also
pre-treated with > 95% formic acid for 10 min. S@es were then incubated in a blocking solution
(0.3% Triton X-100 in PBS (pH 7.4), 2% BSA, 2% nairgoat serum) for 30 min for antipA_40/1-

42 Staining or 2 h for anti-lba-1 staining, and supsntly with primary antibodies at 8 °C for 48 h
for APi-4011-42 Staining (dilution of 1:400) or 24 h for Iba-1 siag (dilution of 1:1000). After
washing, the sections were incubated with a biotinfjugated goat anti-rabbit secondary antibody
(Invitrogen, Camarillo, CA, USA, dilution 1:500)f&0 min, and with avidin—peroxidase conjugate
(Vectastain ABC Kit, Vector Laboratories, BurlingamCA, USA) for 30 min, before visualizing
the staining using 3,3-diaminobenzidine tetrahydimede (Sigmafast, Sigma-Aldrich Co., St.

Louis, MO, USA). For Nissl counter stain, the Ibathined sections were subsequently incubated



in cresyl violet solution for 10 min before dehytilva and mounting. Sections were imaged with a

3DHistech Slide Scanner and evaluated using CaseVisoftware v. 1.3.

2.10. Quantification of Adeposition

To estimate the area of ThSPA, and A4, stained A plaques, serial microscope images from
stained sections (0.5 mm intervals) of each APP28g® were obtained from different locations.
10x magnification was used in the FC (total 12 iesager stain, from four sections) and NC (total
42 images per stain, from six sections), and 4xmifiagtion for the HC (total six images per stain
from, six sections). Images were transformed tat ®back-and-white images and the percentage of
stained A positive area from the total area was calculadguimage J 1.43u (Wayne Rasband,
National Institutes of Health, MD, USA). The avesggercentages were calculated for each brain

region.

2.11. Data analysis and statistics

Data are given as mean * standard deviation (SDhdividual values if n < 3. The following
calculations were carried out with use of GraphPadm software v. 5.01 (GraphPad Software,
San Diego, CA, USA). Differences in injected dosagcted mass, SA, age and baseline binding
ratios between mApoE-PA-LIP and saline groups vieseed with unpaired t-test, and correlations
between IHC and'{C]PIB binding ratios with Pearson’s correlationffBiences in changes in
binding ratiosover time between mApoE-PA-LIP and saline groupd differences in binding
ratios over time within groups were tested usirgrdrichical linear mixed models where repeated
measuring time points were handled as within faatut groups as between factor. This repeated
measures analysis was performed with SAS®, v. & 4Mindows (SAS Institute Inc., Cary, NC,

USA). Differences were considered statisticallyngigant if p < 0.05 (two-tailed).

3. Results
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3.1. Animals and study deviations

During the longitudinal imaging study, three APR8Re died before study termination: two male
mice from the saline group during the treatmentgoeand one male mouse from the mApoE-PA-
LIP group during the follow-up period. These dropanimals did not show signs of illness or any
abnormality at the time of imaging and thus theaot#d data from these mice was included in the
final analysis. The data points obtained from thgpdut animals, and their effect on the obtained
group means are clearly indicated in Fig. S1. Brdiom three saline treated mice (two females,

one male) could not be used for histological ochamical analysis due to technical difficulties.

3.2 Longitudinal in vivo'C]PIB imaging

The baseline and follow-upC]PIB binding ratios for mApoE-PA-LIP and salineogps are
presented at Table 2, while PET images of reprateatmApoE-PA-LIP and saline treated APP23
mice and quantified*{C]PIB binding ratiosor each mouse are illustrated in FigureP2ior to
treatment of mice as shown in Fig. 2A (0 monthejtical ['*C]PIB binding was already visible in
the summed (40-60 min p.i.) PET images of most niEAP&-LIP and saline injected mice.
Nonetheless, bindingatios at baseline varied from —-0.11 to 0.59, iatlig a large variation in
cerebral B load among the age-matched APP23 mice prior t@iiun of treatment. Mean binding
ratios at baseline were higher in mApoE-PA-LIP gran all analyzed brain regions, and the

difference reached statistical significance ink#t (p = 0.02, unpaired t-test).

After the three week period of treatment, as surredrin Table 2, the binding ratioemained
close to baseline levels in mApoE-PA-LIP group (mehange -0.002 £ 0.31, 0.07 £ 0.20 and -0.01
+ 0.17 for FC, NC and HC, respectively), while i&@ses were detected in the saline group (mean
increase 0.19 + 0.20, 0.10 £ 0.08 and 0.13 £ 0ot®€C, NC and HC, respectively). However, due

to large variations within both groups, the differes between the groups were not statistically
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significant for any of the brain regionp € 0.21 (FC),p = 0.61 (NC) andp = 0.14 (HC),

hierarchical linear mixed model).

Three months after termination of the mApoE-PA-lttBatment, as seen in Table 2CJPIB
binding had increased significantly from baselindboth mApoE-PA-LIP and saline groups in all
analyzed brain regions. However, differences indh@&nges in the binding ratios between the two
groups were not significant over the entire timaqek as confirmed by the calculatpdralues for
the FC p = 0.35), NC p = 0.86), and HC(= 0.21). Changes in the binding ratios for tharent

time period are illustrated in Figs. 2B-D for th€,ANC and HC brain areas, respectively.

3.3. AB1-s0peptide levels in the brain

Results from APP23 mouse brain homogenate anddysiELISA showed similar brain .40 and
ABi1-s2levels in mApoE-PA-LIP and saline treated APP23andtfollow-up 2. Total PBS-insoluble
ABi-s0and AB;_soconcentrations were 27.6 £ 6.0 and 5.6 + 0.4 nninltge mApoE-PA-LIP group

(n =4) and 26.4/23.5 and 4.8/5.4 nmol/g in satre@ted mice (n = 2). The concentrations of PBS-
soluble A31_40and AB;_sowere much lower, 2.3 £ 1.0 and 0.4 + 0.3 pmol/ghi@ mApoE-PA-LIP

group and 2.4/2.0 and 0.2/0.3 pmol/g in the sajnmoeip.

3.4. A3 deposition in the brain

All amyloid stainings revealed abundang Aleposition in the brain of both mApoE-PA-LIP and
saline treated APP23 mice at follow-up 2. Large ahbajuitous ThS-fluorescent (Fig. 3) and anti-
ABi-acimmunoreactive (Fig. 4) A deposits were observed around the NC and HC im ¢patups.
Anti-ABi14> immunoreactive deposits (Fig. 5) were smaller alebs abundant than
anti-ABi400r ThS stained deposits, as expected in the usd®R2Pnodel that mainly expresses
compact, fibrillary plaques andpAaso over ABi.4> (Sturchler-Pierrat and Staufenbiel, 2000). The
reference region (CB) was free op Aleposition in all mice at all times. QuantifiedS;lanti-AB1-40

and anti-A,-4> stained A-plaque load percentages for mApoE-PA-LIP and saljnoups are

12



presented in Table 2. The plaque load was equivalenApoE-PA-LIP and saline injected mice in

all analyzed brain areas.

Significant positive correlation was found betwélea ['C]PIB binding ratios and ThS (Pearson’s r
= 0.71,p = 0.001), anti-B;_40(Pearson’s r = 0.8& < 0.0001) and anti-fy_4rstained total A
plaque areéPearson’s r = 0.59 = 0.001) when PET imaging data and histologicah deom all

analyzed brain areas were pooled (Fig. 6).

3.5. Microglial activation in the brain

Iba-1 immunostaining, a marker for microglial aation, revealed abundant microgliosis around
the brain in both mApoE-PA-LIP and saline injecf@P23-mice. Most intense staining was seen
to surround the existing fAdeposits. Staining intensities were not quantifiedher; however,

representative microscope images from the cort€xahid CB are presented in Fig. S1.
4. Discussion

Because of the increasing prevalence of AD, theeestrong need for both novel-disease modifying
therapies, as well as improved methods that coeluetit and speed up the drug development
process. Here we report that treatment effects asfolposomes, known as mApoE-PA-LIPs,
functionalized to bind and discard3An the brain, were followed longitudinally in AP®2nouse
modelin vivowith use of micro-PET and amyloid PET trace€|PIB. We suggest that in addition
to characterizing new PET tracers and animal modeaisro-PET combined with mouse models of
AP deposition would be a valuable tool for preclihieaaluation of novel anti-amyloid compounds

for AD.
4.1. mApoE-PA-LIP treatment effects in APP23 mouséel of AD

The mApoE-PA-LIPs have previously been shown redgepathologyin vivo in APP/PS1 Tg

mouse model (Balducci, et al., 2014). In that mpgetipheral administration of mApoE-PA-LIP

13



led to decreased brainpAso, APi-42and AB, levels,reduction in the number of fAplaques, and
increase in plasmafAlevels (Balducci, et al., 2014,Mancini, et al. 18D However, due to the low
[*'C]PIB binding that has been previously reportedoid APP/PS1 mice even with abundant
histologically confirmed # deposition (Snellman, et al., 2013), this modelldmot be used for

further ['C]PIB PET imaging experiments and the APP23 modsa exploited instead.

A pilot study, where'fC]PIB PET was used to evaluate mApoE-PA-LIP effétthree APP23 Tg
mice was included in the previously published stbgiyBalducci and co-workers (Balducci, et al.,
2014). In that study, mApoE-PA-LIP-treated APP28ershowed very lowfC]PIB binding ratios
similar to wild type mice at baseline (15 montle)d interestingly also at both follow-ups, raising
interest to furthem vivo investigation of possible long term effects of mA&pBA-LIP treatment.
Based on these results, we designed our studyctade more animals, a proper control group
receiving saline injections and similar additiorfallow-up period of three months after the
termination of mApoE-PA-LIP administration. Howeyére ['C]PIB PET imaging data presented
here differs from the previously published resultspur study we saw a trend of slower increase in
[*'C]PIB binding from baseline immediately after theatment period in mApoE-PA-LIP group in
comparison to saline group, suggesting inhibitibplague formation during the treatment period.
However, during the additional follow-up;’C]PIB retention increased significantly from baseli
in both groups and equivalent immunohistochemicaltyified A3 load was detected at study

termination after follow-up 2. Thus, no long teriffetences between groups were detected.

In our study, the APP23 Tg mice were slightly ol@8-17 months) at the initiation of the study
and had higher quantified baselin'dJPIB binding ratios, suggesting more abundarfi A
deposition in the brain at the time when mApoE-PR-ltreatment was initiated. The data from
these studies could suggest, that earlier (premeal) initiation of MApoE-PA-LIP treatment in

APP23 Tg mice, at a time wherpAleposition is still below the detection level 5J]PIB, would

lead to more efficient inhibition of f\aggregation, possibly by mApoE-PA-LIPs bindingthe
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soluble A3 forms, and further enhancing their efflux from thin via the peripheral sink effect
reported by Mancini and co-workers (Mancini, et 2D16). For therapeutic studies, initiated at a
time when abundant fAdeposition and increasef¢]PIB retention in the FC is already present,
longer or continuous treatment schedules would rmposbably be needed to obtain similar long-
term effect. This view is supported by the abundarge and dense cored3 Adeposits in older
APP23 Tg mice and the constantly increasirfglévels and plague formation in this model still at
the investigated age (16—20 months). However, tifertunate small sample size in thevitro
experiments at follow-up 2, especially in the salgroup, should be kept in mind when interpreting

the results further.
4.2. Applicability of small animaffC]PIB PET for preclinical anti-amyloid drug develoent

Even though the first attempts to uS&CJPIB PET imaging for detecting cerebrab Aeposition in

Tg mouse models resulted in contradictory residtark, et al., 2005,Maeda, et al., 2007), more
recent studies have already demonstrated the itgaddilthis method for non-invasive monitoring
of histologically confirmed cerebral amyloidosisvarious Tg mouse models, such as the APP23
mice (Maeda, et al., 2007,Snellman, et al., 20APRP/PS1 ARTE-10 mice (Manook, et al., 2012)
and APP/PS1-21 mice (Maier, et al., 2014). Howeegen after several studies confirming the
usability of ['C]JPIB and other®F-labeled amyloid imaging PET tracers for preckiomaging
(Brendel, et al., 2015a,Rominger, et al., 2013 /|8reei, et al., 2014,Sérriére, et al., 2015), to our
knowledge, only one longitudinal study where a poé& disease-modifying drug for AD was
evaluated has been published to date (Brendel,,&04.5b). In this study, Brendel and colleagues
showed thatde novoplaque formation in APP-Swe mice was inhibitedimyirtreatment with a
novel gamma-secretase modulator RO5506284, aneffinet could be predicted by longitudinal
vivo [*®F]florbetaben micro-PET imaging (Brendel, et aD13b). In our study, mApoE-PA-LIP
treatment resulted in unchangétJJPIB binding during the treatment in mApoE-PA-LgRoup, in

comparison to clear increase in the saline groupn éhough statistical significance could not be
15



reached. However, high variability if*C]PIB binding ratios at baseline was detected irP2P
mice at this age, and consequently the group leNfdrences in binding ratios over time did not
reach statistical significance in any of the anatiybrain areas. Similar high variation in radiotrac
binding at baseline that was seen in our studyaists reported by Brendel and co-workers for the
APP-swe model (Brendel, et al., 2015b). The redtdtm both of these studies clearly highlight the
advantage of micro-PET and non-invasive longituldiodow-up of anti-amyloid treatment effects
in comparison to cross-sectional comparison oftimeat and control groups: By longitudinal
follow-up of PET tracer uptake in each animal ipisssible to minimize the bias caused by high
variation in A3 levels even in age-matched Tg mice that have bemorted for most mouse models
of AP deposition. In addition, the method enables anistadtification based on their baseline
binding ratios and estimated levels of Aathology. For future studies this approach ishlyig

recommended.
4.3 Study limitations

The lack of histological data verifying the levélA3 deposition immediately after the mApoE-PA-
LIP treatment period can be considered as a limitadf our study. However, after the final PET
scan, A load in the brain of Tg mice was quantified withSTand IHC, and a positive correlation
with the quantitated PET binding ratios was obsgrfarther supporting the validity of brain
[*'C]PIB retention as a biomarker forpAdeposition in this Tg mouse model. Rather than a
weakness, this could be seen as the beneiit wivo PET methodology, where fewer animals are
needed for producing high quality data with repeate vivo measurements. In addition, as
discussed before, longitudinal study design enamedyzing relative changes from baseline values,
rather than sole differences between interventi@mal control groups after treatment, that most
likely are affected by the considerable variationthe amount of B deposition that has been

reported for APP23 mice and most other Tg models¢Bler-Pierrat, et al., 1997).
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The binding of mApoE-PA-LIPs to different forms A in vitro have been previously investigated
by using A3;.42and its aggregates (Bana, et al., 2014,Gobbi, e2@10,Mancini, et al., 2016), and
thus the rationale of using the APP23 mouse moxgtessing more Bq.10 than AB1.4» for this
study could be questioned. However, in ieivo study by Balducci and colleagues, the mApoE-
PA-LIP treatment was seen to decrease also sohreinsoluble B;.40 levels in the brain of
APP/PS1 mice, suggesting that mApoE-PA-LIP bindshgot restricted to By-4» (Balducci, et al.,
2014). In addition, situation in human AD is simita the APP23 model, aspf4, comprises only
10% of the total B levels (Hampel, et al., 2010). Due to these remsba usage of the APP23
model in our opinion is justified and future expeents with preventional study design and longer
MApPOE-PA-LIP treatment period including also anotR&T scan in the middle of the treatment

would give more information about thed &learing effects of mApoE-PA-LIPs in this model.

4.4 Recommendations for future studies

The study design presented here includes also thattsould be improved and should be carefully
considered when planning future interventional $maimal imaging studies. First, even though it
was known that the used repeated measures anaysese powerful than one time-point approach
(unpaired t-test), the animal number in this studs still relatively low, and could be the reason
for the difficulties in detecting significant treaént effects between the groups. To avoid this,
sample size calculations should be performed atso preclinical studies to increase their
translational value. If we would use the data fribms study and plan a future study based on how
the mApoE-PA-LIP treated mice behaved in the pdtutdy (Balducci, et al., 2014), the mean
baseline binding ratio of 0.4 could be estimatetetoain unchanged at follow-up 2 in mApoE-PA-
LIP group (SD was at greatest 0.25 for mApoE-PA-gtBup) and rise to 0.9 in the saline group
(SD was at greatest 0.33). If we then calculate gshmple size with 80% power and 0.05
significance level (two-tailed), we end up with Tcenper group. According to this information, our

study was approaching the optimal sample size. Meweas previously discussed, the mApoE-PA-
17



LIP group did not behave as we expected based epitbt study, as significant increases in the
binding ratios were detected at follow-up 2. Iniadd, more animals should always be added to
cover the possible dropouts during the study peahati can be expected when aged AD models are

used.

Second, animals with mixed gender were included, laoth females were allocated to the saline
group. Because the level of3Apathology has previously been reported to varyween male and
female APP23 mice (Sturchler-Pierrat and StaufénBi@00), it would be ideal to include only
males or females for intervention studies. Howeirethis study, the baseline binding ratios of the
two female mice were seen to fit inside the obgsegrvariation in the male mice, and because
repeated measurements were performed, the femalesimcluded to increase the relatively small

sample size. Nevertheless, for future studies rgigenders is not be recommended.

Third, also the observed variation in the baselimgling ratios between age-matched groups was
an unwanted finding in our study. For future stsdiallocation of animals into groups based on
their baseline binding ratios is highly recommen@dsdan alternative to solely age-matching the
groups. With this approach the groups could beebdtalanced and the accidental assignment of

animals with very high or very low level offpathology in one group could be avoided.

5. Conclusion

Shown here, the'{C]PIB binding in APP23 mouse brain correlates weith the existing A
pathology and can thus be used as a biomarker aluae longitudinal changes in cerebrgl A
depositionin vivo. The data from this study further supports the afslengitudinalin vivo micro-
PET follow-up of individual APP23 Tg mice in theegtinical phase of AD drug development to

increase the quality of the data and translatiahefresults to clinical settings.
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Figure legends

Fig. 1. Chronology of }'C]PIB imaging and mApoE-PA-LIP treatment of transigeAPP23 mice.
The mice were imaged with'C]PIB before and after the three weeks treatmetit miApoE-PA-
LIP or physiological saline as control. After thedl PET scan, animals were sacrificed, brains
were dissected andfAload was analyzed from brain cryosections andnbtiasue homogenates

with use of immunohistochemistry (IHC) and Enzyrmdg«td immunosorbent assay (ELISA).

Fig. 2. Longitudinal changes it{C]PIB binding in mApoE-PA-LIP (red) and saline icied (blue)
APP23 mice(A) Summed (40-60 min p.i.) PET images of individoeApoE-PA-LIP and saline
treated mice illustrate{C]PIB binding at baseline (age 16 months), at fisiow-up immediately
after the treatment (age 17 months) and at seadlmhvfup three months after the treatment period
(age 20 months). Quantified binding ratios as grogans and changes in binding ratios between
different time points are also presented for (Bhtal cortex, (C) neocortex and (D) hippocampus.

The dotted line connects the data obtained frontvileandividual mice illustrated in Fig. 2A.

Fig. 3. ThS staining of fibrillar & deposition in APP23 mice at follow-up 2. (A) Figuoresents
sagittal summed PET images (40-60 min p.i.), saghioflavin S (ThS) stained brain sections and
higher magnifications obtained from the neocortd), hippocampus (HC) and cerebellum (CB)
of representative mApoE-PA-LIP and saline injeatgide at follow-up 2. In both group$'C]PIB
binding and large fibrillar ThS-stained depositsraveeen around the NC and in the HC. The
cerebellum was free of fibrillar A\deposition. The age of the animals was 20-21 nsoii) From
the stained sections ThS stained area as a pegeents calculated from the frontal cortex, NC and
HC. AB accumulation in the brain was equivalent betweemugs. Scale bars, 200 um (NC, CB);

500 pm (HC).

Fig. 4. Anti-Ap1.40StainedAp deposition in APP23 mice at follow-up 2. (A) Figysresents sagittal

brain sections with Nissl (cresyl violet) and affi;-soStaining, and higher magnifications from the
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neocortex (NC), hippocampus (HC) and cerebellum)(GBrepresentative mApoE-PA-LIP and
saline treated mice at follow-up 2. Abundant anizAopositive amyloid plaques were seen around
the NC and in HC. The cerebellum was free gi Aopathology. The age of the animals was 20-21
mo. (B) Anti-AB;_4gpositive area as a percentage was also calcuiatede frontal cortex, NC and
HC. No differences were seen in the anfiAostained area in the brain between groups. Scale

bars, 200 pum (NC, CB); 500 um (HC).

Fig. 5. Anti-ABi_s2positive AR deposition in APP23 mice at follow-up 2. (A) Figupresents
sagittal brain sections with Nissl (cresyl violat)d anti-A8;-4> staining, and higher magnification
from the neocortex (NC), hippocampus (HC) and cgteim (CB) of representative mApoE-PA-
LIP and saline treated mice 3 months after therreat period. As expected, less intense staining
and a lower amount of antifA 4, positive deposits were seen in the NC and HC thiim anti-
APi1-40. The cerebellum was free offf\4, pathology.The age of the animals was-20 mo. (B)
Anti-AB142 positive area as a percentage was also calculatebe frontal cortex, NC and HC. No
differences were seen in the anfhA;, stained area in the brain between groups. Scatke Bao

pm (NC, CB); 500 um (HC).

Fig. 6. Correlation ofin vivo [**C]PIB binding ratios and fdeposition in APP23 mic&earson’s
correlations were calculated between quantitated PEC]PIB binding ratios (B/k_s9 and the
amount of A deposition in the frontal cortex (FC), neocort®dCj and hippocampus (HC) of (A)
thioflavin S, (B) anti-A1-40 and (C) anti-A,_srstained brain sections of the same individual mice
three months after the mApoE-PA-LIP or saline treait period. Significant, positive correlations

were detected between braip plaque load anih vivo [*'C]PIB binding ratios.
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Tables and captions

Table 1. Summary of the two experimental groups. Data are given as mean + standard deviation

(SD). Abbreviations: F, female; M, male; SAi,;, specific activity at the time of injection; Tg,

transgenic.
Treatment group Control group p-value
Strain APP23 Tg APP23 Tg
Sex M M, F
Treatment mMApoE-PA-LIP Saline
N scan 1 5 7
scan 2 5 5
scan 3 4 5
ex Vvivo 4 2
Age (mo) scan 1 164+04 16.6 £0.5 0.56
scan 2 174+£04 17805 0.53
scan 3 205+04 20605 0.77
Weight (g) scan 1 325 347 0.64
scan 2 32+6 35+8 0.59
scan 3 30+4 3Hx7 0.46
Premature deaths 1 2
Injected dose (MBQ) 10.4+£05 10.3+£0.6 0.86
Injected mass (ng) 59+16 6525 0.50

SAi (GBg/pumol) 659 + 143 640 + 219 0.78




Table 2. Summary of the baseline and follow-up [**C]PIB binding ratios and quantified beta-amyloid plaque (Af) load at follow-up 2 for

mMAPpOE-PA-LIP and saline groups. *p < 0.05, **p < 0.01, ***p < 0.001, hierarchical linear mixed models, comparison to baseline [*'C]PIB

binding ratios. #p < 0.05, unpaired t-test, comparison of baseline values between groups. Abbreviations: FC, frontal cortex; HC, hippocampus;

NC, neocortex; ThS, Thioflavin S.

MApPOE-PA-LIP (n = 4-5) Saline (n =5-7)
ll - -
[ C]Pr'iigénd'”g FC NC HC FC NC HC
Baseline 0.41 +0.14 024+007  0.17+0.14# 0.21 +0.27 0.11 +0.19 0.02 + 0.06#
Follow-up 1 0.41 +0.25 0.30 £0.18 0.17 £0.23 0.46 +0.28 0.25 +0.19 0.15 + 0.08*
Follow-up 2 0.99 £ 0.21%%* 070+ 0.24*** 048+0.21** 090 £0.33%** 0.65+0.29%* (.43 +0.10%**
Alga%'?%e MAPOE-PA-LIP (n = 4) Saline (n = 2)
Ths 52+11 44+03 14+06 5.3/5.5 4.9/4.4 1.5/1.8
ABao 52407 42407 1.7+0.4 6.5/5.1 4.6/3.9 2.402.4
Afar 3.0+10 24+06 13+02 3.2/2.2 2.6/2.0 1.1/1.7
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Usability of [*'C]PIB micro-PET imaging for in vivo follow-up of anti-amyloid
treatment effectsin APP23 mouse model

Anniina Snellmaf®®, Johanna RokKaFrancisco R. Lopez-Picdl Semi Helifl, Francesca Ke
Eliisa Loyttyniemi, Rea Pihlaj&®, Gianluigi Forlonf, Mario Salmon% Massimo Masserifji Olof
Solin*™™ Juha O. RinfeMerja Haaparanta-Sofif

Highlights
— Functionalized B-targeted liposomes were administrated to transg&RP23 mice
— Longitudinal changes in Adeposition were followeth vivo with micro-PET imaging
— Significant correlation was found betweélJ]PIB binding and brain fload
— The results support animal stratification basedhebaseline data

— The results support normalization of treatmenta#f¢o baseline values





