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Abstract

Background: We assessed the impact of retinoid X receptor (RXR) agonist bexarotene on brain amyloid measured
by amyloid imaging in patients with Alzheimer's disease (AD) in a proof-of-concept trial.

Methods: Twenty patients with AD [Mini Mental State Examination (MMSE) score 10-20 inclusive] with positive
florbetapir scans were randomized to receive 300 mg of bexarotene or placebo for 4 weeks. The amyloid imaging
result was the primary outcome. Whole-population analyses and prespecified analyses by genotype [apolipoprotein
E €4 (ApoE4) carriers and ApoE4 noncarriers] were conducted. Secondary outcomes included scores on the
Alzheimer's Disease Assessment Scale—Cognitive subscale, Alzheimer's Disease Cooperative Study—Activities of Daily
Living scale, MMSE, Clinical Dementia Rating scale, and Neuropsychiatric Inventory. Serum amyloid-f3 (AB) peptide
sequences ABy_so and ABy_4> measurements were collected as biomarker outcomes.

Results: There was no change in the composite or regional amyloid burden when all patients were included in the
analysis. ApoE4 noncarriers showed a significant reduction in brain amyloid on the composite measure in five of six
regional measurements. No change in amyloid burden was observed in ApoE4 carriers. There was a significant
association between increased serum AB,_4, and reductions in brain amyloid in ApoE4 noncarriers (not in carriers).
There were significant elevations in serum triglycerides in bexarotene-treated patients. There was no consistent

change in any clinical measure.

Conclusions: The primary outcome of this trial was negative. The data suggest that bexarotene reduced brain
amyloid and increased serum AP;_4, in ApoE4 noncarriers. Elevated triglycerides could represent a cardiovascular
risk, and bexarotene should not be administered outside a research setting. RXR agonists warrant further

investigations as AD therapies.

Trial registration: ClinicalTrials.gov identifier NCT01782742. Registered 29 January 2013.
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Background

There is an urgent need to develop new treatments for
Alzheimer’s disease (AD). AD is currently the third lead-
ing cause of death in the United States [1] and costs the
economy more annually than cardiovascular disease or
cancer [2]. By 2050, the annual cost of AD to the U.S.
economy will exceed $1 trillion [3]. All attempts to de-
velop disease-modifying treatments for AD have failed [4].
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Much current therapeutic research is focused on the
amyloid hypothesis and means of redressing the imbal-
ance between production and clearance of amyloid-p
(AP) protein that leads to peptide aggregation, neurotox-
icity, and formation of neuritic plaques [5]. Pharmaceut-
ical approaches include reducing AP production,
inhibiting its aggregation, and facilitating its removal [6].

The apolipoprotein E €4 (ApoE4) allele is among the
most potent risk factors for AD, increasing the risk of de-
veloping the disease and decreasing its age of onset [7].
ApoE4 has deleterious effects on protein metabolism, en-
hances AP;_4, aggregation, and impairs mitochondrial
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function [8]. The ApoE4 genotype is associated with
greater amyloid burden as measured by amyloid imaging
[9]. ApoE4 gene carriers have greater cortical and vascular
amyloid deposition than noncarriers [10]. ApoE function
and its ability to bind A is influenced by its lipidation sta-
tus, which is deficient in ApoE4 carriers. Lipidation is de-
termined by the ATP-binding cassette Al (ABCAl),
which is in turn under the control of nuclear retinoid X
receptors (RXRs) [9, 11, 12]. RXR agonists induce the ex-
pression of ApoE and ABCAL1 and increase ApoE lipida-
tion, enhancing its ability to remove AP;_4 from the
brain [13]. Cramer and colleagues [14] reported a marked
effect of bexarotene, an RXR agonist, on AP levels in
transgenic (Tg) mice. Eleven-month-old amyloid precur-
sor protein-presenilin 1 mice treated with bexarotene for
seven days had a 50 % reduction in plaque burden, signifi-
cantly reduced levels of soluble and insoluble brain A,
and restoration of cognitive and memory functions. At-
tempts to confirm this observation have been only par-
tially successful. Most follow-up studies reproduced
effects on soluble AP; effects on amyloid plaques and be-
havioral outcomes were more variable [15-19].

Bexarotene is approved for treatment of cutaneous T-
cell lymphoma and can be repurposed for treatment of
other indications. It has been used off label for treatment
of non—small cell lung cancer, breast cancer, and Kapo-
si’s sarcoma [20]. The observation that bexarotene may
be effective in reducing the pathology and cognitive defi-
cits of Tg animals with AP pathology suggested that as-
sessment of bexarotene as a repurposed therapy for AD
is warranted [21]. Off-label use of bexarotene in AD
based on results in Tg animal systems is controversial
because bexarotene is known to have substantial toxicity,
commonly elevating triglyceride and cholesterol levels
and increasing the risk of hypothyroidism [22-26]. One
case report has suggested benefit from treatment of AD
with bexarotene [27]. Rigorous evaluation of the poten-
tial benefits and harm of bexarotene in controlled trials
is the optimal means of providing information on the
therapeutic potential of this agent.

Drug development proceeds from preclinical observa-
tions in animal model systems to human studies, includ-
ing proof-of-concept (POC), dose-finding, and large-scale
pivotal phase III trials in preparation for regulatory sub-
mission. Clinical outcomes for trials of disease-modifying
agents typically require large numbers of patients and
long-term observations and do not lend themselves to
POC investigations [28]. Although no biomarker has
gained surrogate status and is known to predict clinical
outcomes, biomarkers can be used to develop go—no-go
decisions in early stages of drug development [29]. A drug
lacking measurable biological effects would not be ex-
pected to have clinical benefits in larger trials and would
not be advanced for further study. POC studies are
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exploratory, signal-seeking studies aimed at determining if
a meaningful biological effect is present. Informative POC
studies derisk drug development programs and increase
the likelihood of success [30].

We conducted a biomarker-driven POC trial of bexar-
otene to determine if the provocative preclinical obser-
vations predict human biology and if studies with
clinical outcomes should be pursued. We conducted a
double-blind, randomized, placebo-controlled, parallel-
group study of a single dose (300 mg/day) of bexarotene.
We treated patients for 4 weeks in the double-blind por-
tion of the study and continued observation for 4 add-
itional weeks with all patients on treatment. The
primary outcome was the effect of bexarotene on brain
amyloid imaging after 1 month of treatment. We report
the primary outcomes of the study.

Methods

Standard protocol, approvals, registrations, and patient
consents

The study was approved by the Cleveland Clinic Institu-
tional Review Board. Written informed consent was ob-
tained from all patients (or guardians of patients)
participating in the study. The trial is registered with
ClinicalTrials.gov under the identifier NCT01782742.

Trial design

The BExarotene Amyloid Treatment for Alzheimer’s
Disease (BEAT AD) trial was a double-blind, placebo-
controlled, parallel-group, single-site study with an alloca-
tion ratio in the 4 weeks of four bexarotene-treated pa-
tients to one placebo-treated patient (Additional File 1). In
weeks 4-8, all patients received treatment with bexarotene.
There were no changes in methodology after trial initiation.

Participants

Patients were men women ages 50-90 years who met
National Institute of Neurological Disorders and Stroke/
Alzheimer’s Disease and Related Disorders Association
criteria for AD dementia [31]. Each patient was required
to have a positive florbetapir positron emission tomo-
gram (PET) and a Mini Mental State Examination
(MMSE) [32] score between 10 and 20 (inclusive) to be
included in the trial. Positive amyloid PET was deter-
mined visually by two readers; if they disagreed, a third
rater was invoked, and the majority reading was ac-
cepted. Subjects were required to have a study partner
who could comply with all required study procedures.
Subjects had at least 8 years of education, were capable
of communicating effectively with the trial team, and
had no uncontrolled medical illnesses. Treatment with
any pharmacologic agent, including antidementia agents
(cholinesterase inhibitors and/or memantine), had to be
stable for at least 1 month before randomization.
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Patients were required to consent to ApoE genotyping.
Patients were not stratified by ApoE genotype, and geno-
types were not known until after unblinding of the trial.

Interventions

Patients received bexarotene 75 mg or matching placebo
twice daily for days 1-7. The dose was increased to
150 mg twice daily or matching placebo for days 8-28.
Patients were treated with atorvastatin for elevated chol-
esterol levels and clofibrate for elevated triglyceride
levels when these emerged in the course of the trial.
These were not implemented until the end of week 4.

Outcomes

The primary endpoint was the drug—placebo difference
in change from baseline to week 4 in the composite A
burden of the brain as measured by standardized uptake
value ratio (SUVr) with a florbetapir PET. A white mat-
ter standard for comparison was prespecified for the pri-
mary endpoint [33]. The effect of ApoE genotype was
hypothesized to be influential, and change from baseline
on treatment compared with placebo at week 4 on compos-
ite and regional AP burden according to ApoE genotype
(ApoE4 carriers compared with ApoE4 noncarriers) was a
declared primary outcome (Additional File 2). Determin-
ation of SUVr values using a cerebellar standard was in-
cluded as a secondary outcome. Secondary clinical
outcomes addressed change from baseline in the active
treatment group compared with change from baseline in
the placebo group at week 4. Changes in scores on the
MMSE, Alzheimer’s Disease Assessment Scale—Cognitive
subscale (ADAS-Cog) [34], Clinical Dementia Rating Sum
of Boxes (CDR-SOB) [35], Neuropsychiatric Inventory
(NPI) [36], and Alzheimer’s Disease Cooperative Study—Ac-
tivities of Daily Living (ADCS-ADL) scale [37] were re-
corded. Change in AP;_40 and AP;_4» serum levels from
baseline to week 4 were secondary biomarker outcomes.
Safety and tolerability were measured by incidence of ad-
verse events (AEs) or serious AEs, clinical laboratory data,
vital signs, electrocardiograms, and magnetic resonance im-
aging (MRI) scans.

Blinding and randomization

Patients were randomized in a 4:1 ratio of bexarotene to
placebo as determined by a randomization sequence
generated by Cleveland Clinic Department of Quantita-
tive Health Sciences. Patients received either the active
agent or identical appearing placebos. Patients were en-
rolled at the Cleveland Clinic Lou Ruvo Center for Brain
Health, Las Vegas, NV, USA, and all study personnel,
patients, and caregivers were blinded to allocation se-
quence and treatment status. Among trial personnel,
only the Cleveland Clinic pharmacist had access to the
randomization details.
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Sample size determination

There was no previous history of the use of bexarotene
in AD to guide effect size estimates or standard devia-
tions. The effects observed in Tg mice were dramatic
and occurred within a short time frame. We hypothe-
sized that a marked effect of the type seen in Tg animals
could be observed in a sample size of 10 subjects with
AD; thus, we planned recruitment of 20 subjects, with 4
assigned to placebo.

ApoE genotyping

Whole blood was collected at baseline into PAXgene
Blood DNA Tubes (PreAnalytiX, Hombrechtikon,
Switzerland). DNA was extracted from the whole-blood
samples using the PAXgene Blood DNA Kit according
to kit specifications. DNA concentration and purity were
assessed using a NanoDrop spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). Samples were geno-
typed for ApoE using the method and reported by
Calero et al. [38].

Serum amyloid analysis using enzyme-linked
immunosorbent assays

Plasma was collected at baseline, 4 weeks, and 8 weeks.
Plasma samples from each time point were analyzed
using enzyme-linked immunosorbent assays for AB;_40
and AP;_4 (Wako Pure Chemical Industries, Osaka,
Japan) according to kit instructions. All samples were
run in triplicate. The samples were read on a Spectra-
Max Plus 384 spectrophotometer and plate reader (Mo-
lecular Devices, Sunnyvale, CA, USA).

Amyloid imaging analysis

PET data were acquired from all 20 subjects after injec-
tion of 370 MBq (£10 %) of florbetapir at baseline and at
week 4 for the primary analysis. PETs at all the sessions
were acquired for 10 minutes at 50 minutes after injec-
tion. A Biograph mCT scanner (Siemens Healthcare,
Malvern, PA, USA) was used for acquiring all PET data,
and the images were reconstructed using three-
dimensional ordered-subset expectation maximization to
an image size of 128 x 128 pixels, slice thickness of
2 mm, and postreconstruction Gaussian filter of 2 mm.
SUVTr values at baseline were calculated using anatomic-
ally predefined, atlas-based cortical regions—medial or-
bital frontal, precuneus, parietal, temporal, anterior
cingulate, and posterior cingulate [39]. SUVr values for
week 4 and week 8 images were calculated using the
prespecified primary method, implementing white mat-
ter as the internal standard [40] for measuring change
(baseline to week 4).
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Statistical methods

Analyses were performed on the basis of the intention-
to-treat principle (Additional File 2). Categorical factors
were summarized using frequencies and percentages,
while continuous measures were described using means
and standard deviations. Comparisons of the changes
between groups at 4 weeks were performed using linear
models with change as the outcome. Results are pre-
sented as the mean and 95 % confidence interval. Spear-
man correlations were used to evaluate associations
between changes in clinical measures. Each measure was
evaluated for outliers. The small sample size limits the
ability to detect departures from normality on which the
results rely. Only very large differences between groups
can be detected as significant, and larger samples would
be needed to confirm any statistically significant find-
ings. Analyses were performed using SAS software (ver-
sion 9.3; SAS Institute, Cary, NC, USA) with a
significance level of 0.05. In this exploratory POC trial,
no adjustment for multiplicity of testing was performed.

Results

Participant flow and baseline features

Figure 1 shows the study disposition. Forty-nine subjects
were screened, twenty-nine subjects did not meet the in-
clusion criteria and were not assessed further. Twenty
patients had amyloid imaging and all twenty met the
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criteria for an elevated amyloid burden at baseline. One
patient required three readers to reach a consensus on
the presence of an abnormal amyloid signal. Twenty
subjects were randomized, and all twenty completed the
4-week assessment. One subject was not continued into
the weeks 4—8 open-label treatment period at the princi-
pal investigator’s request because of a greater than ten-
fold elevation in serum triglycerides.

Study disposition
Patient recruitment began on 18 February 2013 and was
completed on 5 June 2014. Recruitment was stopped
when the prespecified number of subjects was reached,
and the trial was completed 8 weeks after the last patient
entered the trial.

Table 1 summarizes the baseline characteristics of
the overall population and by treatment group. Pa-
tients were well matched for age; sex; years of educa-
tion; and MMSE, ADAS-Cog, CDR-SOB, NPI, and
ADCS-ADL scores. On average, the impairment of
patients assigned to placebo was somewhat less severe
than that of patients randomized to bexarotene. The
recruited population included seven ApoE4 noncar-
riers, seven ApoE4 heterozygotes, and six ApoE4 ho-
mozygotes. Composite SUVr amyloid levels ranged
from 1.37 to 1.41.

49 Assessed for Eligibility

29 Excluded
12 MMSE outsiderange

3 Poorvenousaccess

7 Abnormaliabs

20 Had Amyloid Imaging
(20/20 Positive)

6 Unstable medicalcondition
1 Contraindication to MRI

16 Assigned to Bexarotene

16 Completed Assessments at
Week 4

16 Included in Analysis

20 Randomized

4 Assigned to Placebo

4 Completed Assessments at
Week 4

4 Included in Analysis

Level

1 discontinued Treatment Week |

Ii S Due to Elevated Triglyceride

15 Completed Assessment at
Week 8

magnetic resonance imaging

Fig. 1 Disposition of subjects in the Bexarotene Amyloid Treatment for Alzheimer’s Disease trial. MMSE Mini Mental State Examination, MR/

4 Completed Assessment at
Week 8
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Table 1 Baseline characteristics, overall and by group
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Characteristic Total (N=20) Bexarotene (n=16) Placebo (n=4)
Age at screening, yr 755+6.8 749+ 6.6 78.1£80
Male sex 7 (35.0) 6 (37.5) 1(25.0)
White race 19 (95.0) 15 (93.8) 4 (100.0)
Years of education 142+47 147 +49 123+33
Years of cognitive symptoms 43+£19 46£19 28+0.96
MMSE total score 144+38 137+37 170+36
ADAS-Cog score® 480+938 499+89 403+10.7
CDS-SOB score® 14+056 14+055 1.1+£063
NPI score® 84+81 87+86 70164
ADCS-ADL score® 559+£129 53.7£13.1 64.5+82
Composite SUVr 140 (0.11) 141 (0.09) 1.37 (0.16)
ApoE4 genotype

Noncarriers 7 (35.0) 4 (25.0) 3 (75.0)

Heterozygotes 7 (35.0) 6 (37.5) 1 (25.0)

Homozygotes 6 (30.0) 6 (37.5) 0 (0.0)

ADAS-Cog Alzheimer's Disease Assessment Scale-Cognitive subscale, ADCS-ADL Alzheimer’s Disease Cooperative Study-Activities of Daily Living scale, CDR-SOB
Clinical Dementia Rating Sum of Boxes, MMSE Mini Mental State Examination, NP/ Neuropsychiatric Inventory, SUVr standardized uptake value ratio

Values presented as mean + standard deviation, or count (%)

@ Data not available for all subjects; missing values: ADAS-Cog score = 1, CDS-SOB score = 3, NPI score = 4, NPI distress score =4, ADCS-ADL score = 1

Outcomes

The composite SUVr for all subjects showed no differ-
ence in change between the bexarotene-treated subjects
and those receiving placebo (Table 2) following 4 weeks
of treatment. The prespecified comparison of all subjects
for specified brain regions also showed no drug—placebo
difference.

The prespecified analysis of drug—placebo difference in
change from baseline of amyloid burden by ApoE geno-
type demonstrated a significant reduction of AB on the
composite measure and a reduction of A in anterior cin-
gulate cortex, parietal cortex, posterior cingulate cortex,
precuneus, and temporal cortex in ApoE4 noncarriers
using the declared white matter standard (Table 2;
Figure 2). There was no significant difference in change
from baseline to 4 weeks in amyloid measures among
ApoE4 carriers receiving bexarotene (heterozygotes, homo-
zygotes, or combined) compared with those on placebo.
Analysis of changes at week 4 for composite and regional
changes in AP using a cerebellar comparison standard
showed no differences between drug and placebo for all
subjects, including ApoE4 noncarriers (data not shown).

Analysis of MMSE scores showed a significant differ-
ence between change from baseline with bexarotene
compared with placebo in favor of placebo in ApoE4
noncarriers (p = 0.026) at week 4. This was due to an im-
provement in MMSE scores in the placebo group. There
was no drug-placebo difference between the drug and
placebo groups, considered together or by genotype on
ADAS-Cog, NPI, and ADCS-ADL (Table 3).

A significant increase in serum AP;_4, was seen at
week 4 in the bexarotene group compared with those on
placebo when all subjects were included. Increases in
serum AP, 4o correlated with decreased cortical amyloid
in treated ApoE4 noncarriers (Table 4), not in treated
ApoE4 carriers (data not shown). There were no correla-
tions between Af;_40 serum level changes and cortical
amyloid changes.

Correlational analyses showed significant correlations
between elevations in cholesterol and reduced amyloid
levels in one cortical region (parietal) and between eleva-
tions of triglycerides and reduced cortical amyloid in
four of the six cortical regions and in the composite cor-
tical amyloid measure in ApoE4 noncarriers (Table 4).
There were no significant correlations between serum
cholesterol and triglyceride levels and cortical amyloid
change measures in ApoE4 carriers.

Safety

Fifteen of twenty subjects had increases in triglyceride levels
to greater than 200 mg/dl. Eleven subjects had increases in
cholesterol levels to greater than 300 mg/dl. Other AEs in-
cluded delusions, dizziness, toe blister, dry cough, and di-
verticulitis (one each). No amyloid-related imaging
abnormalities of either the effusion or hemorrhagic type
were seen on MRI scans at week 4 or week 8.

Discussion
This POC trial had a small number of participants,
and ApoE genotype subgroups were also small,
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Table 2 Comparisons of mean changes from baseline to 4 weeks in amyloid burden between treatment groups (white matter

standard)
Bexarotene Placebo Difference
Factor N Mean (95 % Cl) N Mean (95 % Cl) Mean (95 % Cl) p Value
All subjects
Composite 16 —0.028 (-0.064, 0.008) 4 0.023 (-0.049, 0.096) —0.052 (=0.133, 0.030) 0.22
Frontal medial orbital 16 —0.043 (-0.081, —0.006) 4 —0.021 (=0.096, 0.054) —0.022 (-0.106, 0.062) 0.61
Anterior cingulate 16 —0.040 (-0.080, 0.000) 4 0.018 (-0.061, 0.098) —0.059 (-0.147, 0.030) 020
Parietal 16 —0.003 (-0.034, 0.027) 4 0.044 (-0.018, 0.105) —-0.047 (-0.116, 0.022) 0.19
Posterior cingulate 16 —-0.017 (-0.065, 0.031) 4 0.044 (-0.052, 0.141) —-0.061 (=0.169, 0.047) 0.27
Precuneus 16 -0.027 (-0.069, 0.014) 4 0.040 (-0.043, 0.122) —-0.067 (-0.159, 0.025) 0.16
Temporal 16 —0.038 (-0.075, 0.000) 4 0.016 (-0.059, 0.090) —0.053 (-0.136, 0.030) 022
ApoE4 noncarriers
Composite 4 —0.097 (=0.155, —0.040) 3 0.047 (-0.019, 0.114) —0.145 (-0.232, —0.057) 0012
Frontal medial orbital 4 —0.076 (-0.146, —0.007) 3 0.005 (-0.075, 0.085) —-0.081 (-0.187, 0.025) 0.16
Anterior cingulate 4 —0.096 (-0.166, —0.026) 3 0.048 (-0.034, 0.129) —0.143 (-0.251, =0.036) 0.029
Parietal 4 —0.068 (=0.107, —0.029) 3 0.065 (0.020, 0.110) —-0.133 (-0.193, —0.073) 0.002
Posterior cingulate 4 —0.113 (-0.180, —0.046) 3 0.074 (—0.004, 0.151) —0.187 (-0.289, —0.084) 0.007
Precuneus 4 —0.127 (-0.188, —0.066) 3 0.062 (-0.008, 0.132) —0.189 (-0.282, —0.096) 0.004
Temporal 4 —0.104 (-0.162, —0.045) 3 0.031 (-0.037, 0.098) —0.134 (-0.224, —0.045) 0.018
ApoE4 carriers
Composite 12 —0.005 (-0.041, 0.031) 1 —0.048 (NA) NA NA
Frontal medial orbital 12 —0.033 (-0.074, 0.009) 1 —0.099 (NA) NA NA
Anterior cingulate 12 -0.022 (-0.062, 0.019) 1 —0.069 (NA) NA NA
Parietal 12 0.018 (=0.013, 0.050) 1 —0.019 (NA) NA NA
Posterior cingulate 12 0.015 (=0.035, 0.065) 1 —0.044 (NA) NA NA
Precuneus 12 0.006 (-0.031, 0.043) T —0.027 (NA) NA NA
Temporal 12 —0.015 (=0.055, 0.024) 1 —0.030 (NA) NA NA
ApoE4 apolipoprotein E €4, C/ confidence interval, NA not applicable
Table 3 Comparisons of changes from baseline to 4 weeks in clinical measures between treatment groups
Bexarotene Placebo Difference
Factor Number of subjects ~ Mean (95 % Cl) Number of subjects ~ Mean (95 % Cl) Mean (95 % Cl) p Value
All subjects
MMSE 16 0.75 (-0.78, 2.28) 4 1.75 (-1.32,4.82) —1.00 (443, 243) 0.57
ADAS-Cog 16 0.38 (—2.15, 2.90) 4 —0.25 (-5.31, 4.81) 0.63 (-5.03, 6.28) 0.83
CDR-SOB 16 0.00 (0.00, 0.00) 4 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) NA?
NPI 16 —263 (-6.78, 1.53) 4 —2.25(-10.57,6.07) —0.38 (-9.67,8.92) 0.94
ADCS-ADL 16 —1.94 (-4.86, 0.99) 4 —6.50 (=12.35,-065)  4.56 (-1.98, 11.10) 0.18
ApoE4 noncarriers
MMSE 4 —0.25 (=212, 1.62) 3 367 (151,5.82) -392 (-6.77,-1.06)  0.026
ADAS-Cog 4 —3.00 (-7.04, 1.04) 3 —0.33 (-4.99, 4.33) —267 (883, 3.50) 041
CDR-SOB 4 0.00 (0.00, 0.00) 3 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) NA?
NPI 4 125(=1243,993) 3 —3.33 (-16.25, 9.58) 2.08 (-=15.00, 19.16) 0.81
ADCS-ADL 4 —475(=1069,1.19) 3 —767 (1453, -081) 292 (-6.16, 11.99) 053

ADAS-Cog Alzheimer’s Disease Assessment Scale-Cognitive subscale, ADCS-ADL Alzheimer’s Disease Cooperative Study-Activities of Daily Living scale, ApoE4
apolipoprotein E €4, CDR-SOB Clinical Dementia Rating Sum of Boxes, CI confidence interval, MMSE Mini Mental State Examination, NP/ Neuropsychiatric Inventory
“Not applicable (NA); p value was not calculated, because no change was observed in any patient at 4 weeks.
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Table 4 Spearman correlations between changes from baseline to 4 weeks (ApoE4 noncarriers)

Measure Brain region r Value 95 % Cl p Value
Cholesterol change Composite SUVr -0.66 (=1.00, 0.39) 0.16
Frontal medial orbital -0.54 (=1.00, 0.62) 0.27
Anterior cingulate -0.66 (=1.00, 0.39) 0.16
Parietal -0.89 (—1.00, —0.24) 0.019
Posterior cingulate -0.66 (-=1.00, 0.39) 0.16
Precuneus -0.66 (—1.00, 0.39) 0.16
Temporal -0.66 (=1.00, 0.39) 0.16
Triglycerides change Composite SUVr -0.89 (—=1.00, —=0.24) 0.019
Frontal medial orbital -0.77 (=1.00,0.11) 0.072
Anterior cingulate -0.83 (=1.00, —0.05) 0.042
Parietal -1.00 (=1.00, —1.00)
Posterior cingulate -0.89 (—=1.00, —0.24) 0.019
Precuneus -0.89 (=1.00, —0.24) 0.019
Temporal —-0.89 (=1.00, —0.24) 0.019
AB1_4> change Composite SUVr —-0.83 (—=1.00, —0.05) 0.042
Frontal medial orbital -0.71 (=1.00, 0.26) 0.11
Anterior cingulate -0.94 (=1.00, —0.48) 0.005
Parietal -0.54 (-1.00, 0.62) 0.27
Posterior cingulate -0.83 (=1.00, —0.05) 0.042
Precuneus -0.83 (=1.00, —0.05) 0.042
Temporal -0.83 (—1.00, —0.05) 0.042
AB1_40 change Composite SUVr -0.37 (=1.00, 0.92) 047
Frontal medial orbital —031 (=1.00, 1.00) 0.54
Anterior cingulate -0.26 (—1.00, 1.00) 0.62
Parietal 020 (=1.00, 1.00) 0.70
Posterior cingulate -0.37 (-=1.00, 0.92) 047
Precuneus -0.37 (—1.00, 0.92) 047
Temporal -0.37 (-1.00, 0.92) 047

Cl confidence interval, SUVr standardized uptake value ratio

limiting the conclusions that can be drawn. Patients
were excluded if they had abnormal lipid levels at
baseline (six subjects were excluded on this basis) or
if they had any medical illness that was not ad-
equately controlled (six were excluded on this basis).
We do not know the effects of bexarotene in patients
who were in excluded categories, and the results
should be generalized with caution. SUVr may be sus-
ceptible to flow effects, and any impact of bexarotene
on blood flow could affect interpretation of the re-
sults. Bexarotene is not known to alter blood flow.
We chose a brief exposure period in this POC study
to explore potential acute effects of bexarotene. Lon-
ger exposures are necessary to assess effects on clin-
ical outcomes and to determine if removal of amyloid
in ApoE4 carriers is observed with longer exposures.

Subjects recruited into this study were typical of pa-
tients with moderate AD with MMSE scores in the
range of 10-20. They received the usual standard of care
with regard to antidementia therapies. All patients were
determined by amyloid imaging to have an elevated
brain amyloid burden at baseline meeting clinical and
biomarker data for AD dementia [41].

The primary outcome of this study for all subjects was
negative; no difference was seen between treatment with
bexarotene and placebo when all patients were included
in the analysis. Using the prespecified ApoE genotype-
based analyses, we observed a highly significant reduc-
tion in brain amyloid on the composite measure and in
five of six cortical regions of interest among ApoE4 non-
carriers. The ApoE4 noncarriers had reductions in amyl-
oid burden in all measured cortical regions after 4 weeks
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Fig. 2 Panel a shows the difference in mean amyloid burden and 95 % confidence intervals for changes from baseline at 4 weeks between
bexarotene and placebo groups. Panel b shows mean group changes and 95 % confidence intervals at 4 weeks. P-values reflect the comparisons
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of treatment with bexarotene, and those on placebo had
slight increases in burden (Table 2; Figure 2).

There was a significant correlation between reduced cor-
tical amyloid and elevated serum levels of AP;_4,, suggest-
ing that soluble forms of amyloid were transferred from
brain to blood, although a direct effect of bexarotene on
serum Af;_4 binding has not been excluded. In ApoE4
noncarriers, there were significant correlations between
elevated serum triglyceride levels and decreased cortical
amyloid. Bexarotene is an RXR/liver X receptor agonist; the
latter mechanism is linked to elevated triglyceride levels.

Reductions in brain amyloid and correlations of re-
duced brain amyloid with serum AB;_4, were seen only
in ApoE4 noncarriers. In Tg mice, ApoE4 presence re-
sults in more compact plaques; ApoE3 and ApoE2 mice
have more diffuse plaques, which may result in more
ready mobilization of amyloid with therapy [42]. ApoE4
has a deficient lipidation status, and increased lipidation
by bexarotene may be specific to noncarriers [43]. Alter-
natively, the apparently genotype-specific effects of bex-
arotene may relate to a potential different time course of
response in ApoE4 carriers and noncarriers.

There were no significant changes in cognitive mea-
sures. The treatment was brief, the period with relatively
decreased amyloid was correspondingly brief, and the
trial duration may not have been long enough to observe
cognitive benefit. The trial was not powered to observe
cognitive change.

Bexarotene has effects on serum lipids that may in-
crease the risk of stroke and heart attack, and this agent
should not be used off label for clinical treatment until
cognitive efficacy is demonstrated in a clinical trial.

Conclusions

The results of the BEAT AD trial suggest that bexaro-
tene may lower brain amyloid levels in patients with
mild to moderate AD who do not carry the ApoE4 gene.

This biomarker-based POC trial supports a mechanism-
based biological effect of bexarotene on targets relevant
to AD pathogenesis. The potential clinical and biological
effects of RXR therapeutics in AD and in biologically
derived subtypes of AD warrant further investigation.
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