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Liraglutide in mild to moderate Alzheimer’s
disease: aphase 2b clinical trial
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Liraglutide, aglucagon-like peptide1(GLP-1) agonist and antidiabetic

drug, has shown neuroprotective effects in animal models. In this

study, we aimed to evaluate the safety and efficacy of liraglutide in mild

to moderate Alzheimer’s disease syndrome. ‘Evaluating liraglutide in
Alzheimer’s disease’ (ELAD) is a multicenter, randomized, double-blind,
placebo-controlled phase 2b trial in 204 participants with mild to moderate
Alzheimer’s disease syndrome with no diabetes. Participants received

daily injections of liraglutide or placebo for 52 weeks. They underwent
fluorodeoxyglucose positron emission tomography, magnetic resonance
imaging and detailed neuropsychometric evaluations. The primary
outcome was achangein cerebral glucose metabolic rate. Secondary
outcomes were safety and tolerability and cognitive changes. The primary
outcome showed no significant differences in cerebral glucose metabolism
(difference =-0.17; 95% confidence interval: -0.39 to 0.06; P= 0.14) between
the two groups. The secondary outcome—score on the Alzheimer’s Disease
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Assessment Scale-Executive domain (ADAS-Exec)—performed betterin
liraglutide-treated patients compared to placebo (0.15; 95% confidence
interval: 0.03-0.28; unadjusted P= 0.01). No significant differences were
observed in Alzheimer’s Disease Cooperative Study-Activities of Daily
Living (ADCS-ADL) (-0.58; 95% confidence interval: —3.13 t0 1.97; unadjusted
P=0.65) or Clinical Dementia Rating-Sum of Boxes (CDR-SoB) (-0.06; 95%
confidenceinterval: -0.57 to 0.44; unadjusted P = 0.81) scores. Liraglutide
was generally safe and well tolerated in non-diabetic patients with
Alzheimer’s disease. ClinicalTrials.gov identifier: NCT01843075.

Alzheimer’s disease is characterized by multiple pathologies, including
B-amyloid deposition, tau aggregation, neuroinflammation/glial acti-
vation and synaptic dysfunction, which contribute to progressive neu-
rodegeneration. For an effective treatment, amultitargeted approach
influencing these different pathologies may be required. The GLP-1
receptor agonist liraglutide has shown compelling preclinical evidence
ofinfluencing multiple targets in transgenic mouse models. Liraglutide
has 97% homology to human GLP-1and s currently approved worlwide
for treating type 2 diabetes and obesity’.

In transgenic mouse models of Alzheimer’s disease, liraglutide
improves memory, prevents synaptic loss, reduces 3-amyloid and

tau aggregation, reduces neuroinflammation and oxidative stress,
restores proteinkinase A and phosphoinositide 3-kinase/protein kinase
B signaling and improves insulin signaling®*. Liraglutide increases
stem cell proliferation and differentiation into neurons’, enhancing
neurogenesis in the dentate gyrus® and preventing memory decline’.

In one study evaluating dulaglutide, a GLP-1analog, patients with
diabetes showed delayed cognitive impairment (n=9,901) compared to
placebo®. Another pooled post hoc analysis of three large cardiovascular
outcome trials revealed that liraglutide and semaglutide significantly
reduced theincidence of dementia’. Liraglutide significantly prevented
the decline of brain glucose metabolism in a pilot study involving 38
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314 patients were assessed for eligibility

110 (35%) were excluded
81 had a screening failure

15 declined to consent
14 had other reasons

’ 204 patients underwent randomization ‘

[

|

|

102 were assigned placebo ‘

’ 102 were assigned liraglutide

|

l

102 patients at baseline
94 completed baseline PET

101 completed baseline MRI

102 patients at baseline
93 completed baseline PET
101 completed baseline MRI

3 withdrew consent
10 withdrew placebo treatment
4 had an adverse event
1 had poor treatment compliance
2 withdrawn by investigator
3 withdrew from trial

4 withdrew consent

18 withdrew liraglutide treatment
10 had an adverse event
1 had poor treatment compliance
2 withdrawn by investigator
5 withdrew from trial

89 completed the trial
82 completed PET scan at 52 weeks
83 completed MRI scan at 52 weeks

80 competed the trial
72 completed PET scan at 52 weeks
75 completed MRI scan at 52 weeks

Fig.1| Consortdiagram. Study procedures: patient enrollment and randomization. PET, positron emission tomography.

patients with Alzheimer’s disease'. Another small study involving at-risk
participants demonstrated that liraglutide improved intrinsic con-
nectivity within the default mode network™. A trial of the GLP-1analog
exenatide in Alzheimer’s disease found a reduction of -amyloid 42 in
plasma neuronally derived extracellular vesicles'. Systematic reviews
and the Delphi consensusin2012 and 2020 highlighted GLP-1agonists
as the most promising class of compounds for repurposing as a poten-
tial therapy for Alzheimer’s disease'®. Another recent study evaluating
liraglutidein Parkinson’s disease improved non-motor symptomscores,
Movement Disorders Society Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS) part Il scale and the 39-item Parkinson’s Disease Ques-
tionnaire (PDQ-39)". Exenatide treatmentimproved MDS-UPDRS scores
in participants with Parkinson’s disease compared to controls™'®. Motor
and cognitive improvements were maintained 12 months after exena-
tide treatment cessation”. Analysis from neuronal-derived exosomes
shows that exenatide engaged insulin, Akt and mTOR signaling path-
ways'®. A phase 2 trial showed that 12 months of lixisenatide treatment
improved MDS-UPDRS part lll scores relative to placebo®.

Inthe ELAD study, we sought to evaluate theinfluence of liraglutide
onthe changein cerebral glucose metabolicrate (rCMRglc), cognition
and magnetic resonance imaging (MRI) volume from baseline to week
52in patients with mild to moderate Alzheimer’s disease syndrome.

Results

Patient disposition

Ofthe 204 participants randomized, 102 were assigned to receive lira-
glutide and 102 toreceive placebo. Intotal, 169 participants completed
thestudy. Analyzable scans at week 52 for the primary outcome were 72
participants (70.6%) in the treatment arm and 82 participants (80.4%)
in the placebo arm. The most common reasons for participants not
completing the trial included withdrawal of consent, clinical decision,
poor compliance, adverse events and participants unable to tolerate
scans (Fig. 1). The participants in the treatment and placebo groups
were generally similar in terms of baseline demographics and clinical
characteristics (Table 1). Female sex (38% versus 41%), age (72.5 years
versus 70.6 years) and education (12.9 years versus 13.1 years) were

balanced in the placebo and treatment groups, respectively. Four
participants identified as non-White, and the remainder identified as
White. A similar number of patients with Mini-Mental State Examination
(MMSE) scores <18 (n =13 for placebo and n =10 for treated) and MMSE
scores >18 (n =89 for placebo and n =92 for treated) were included
(Supplementary Table 1). Moreover, a similar number of participants
with CDR scores of 0.5 (n =60 for placebo and n = 61 for treated), 1
(n=38forplaceboand n=40 for treated) and 2 (n = 2 for placebo and
n=1fortreated) wereincluded (Supplementary Table 2).

Primary outcome

Nosignificant difference was observed between the treatment and pla-
cebo groups forthe primary outcome (change in fluorodeoxyglucose
(["®F]1 FDG) standard uptake value (SUV)) adjusting for baseline SUV, age
and MMSE (adjusted difference = -0.17; 95% confidence interval: —0.39
t0 0.06; P=0.14; Fig. 2 and Supplementary Table 3). The sensitivity
analysis of the spectral analysis results agreed with this conclusion.

Secondary outcomes

The secondary outcome of cognitive function—change in ADAS-Exec
(ADAS-Cogpnitive Subscale (ADAS-Cog) and the Executive domain scores
from the Neuropsychological Test Battery (NTB)) z-score (Fig. 3 and
Supplementary Table 4)—was slower in the treatment group compared
tothe placebo group (0.15; 95% confidence interval: 0.03-0.28; unad-
justed P=0.01). Nosignificant differences were observed in ADCS-ADL
(-0.58; 95% confidence interval: -3.13 t0 1.97; P= 0.65) or CDR-SoB
(-0.06; 95% confidence interval: —0.57 to 0.44; unadjusted P=0.81)
scores (Fig. 3 and Supplementary Table 4).

Safety

Theincidence and severity of treatment-emergent adverse events and
clinicallyimportant changesin safety assessments was akey secondary
outcome of the study. There were 991 adverse eventsinthe 12 months
ofthe study. There were 450 adverse events in the placebo arm occur-
ring in 87 participants and 541 in the treatment arm occurring in 88
participants. There were 25 recorded serious adverse events in the
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Table 1| Baseline characteristics?

IQR, interquartile range Placebo (n=102) Treatment (n=102) Total (n=204) P value (placebo versus
treatment)
Female sex (no. (%)) 39(38) 42 (41) 81(40) 0.6680
Age (years)® 72.5£7.0 70.6+8.4 71.57.8 0.0808
Education (years) 12.9+3.0 131+£4.2 13.0+£3.7 0.6960
MMSE score®® 23.4+3.6 23.7+3.5 23.5+3.6 0.5469
ADAS-Cog 13 score® 31.9+9.3 31.6+10.3 31.8+9.8 0.8274
CDR-SoB score® 3.6+1.8 3.7£1.9 3.7£1.9 0.7000
ADCS-ADL scoref 66.1£9.7 66.5+9.5 66.3+9.5 0.7664
Neuropsychiatric Inventory (NPI) 75+9.0 10.2+£12.5 8.9+10.9 0.0783
Geriatric Depression Scale (GDS) 55+4.4 5.4+4.0 5.4+4.2 0.8653
Controlled Oral Word Association Test ~ 11.5+4.9 9.8+4.2 10.7+4.6 0.0084
(COWAT)
Category Fluency Test (CFT) 10.5+4.8 10.3+5.5 10.4+51 0.7823
Trail Making Test Part A (TMT-A) score 71.2452.3 78.2+58.0 74.8+55.3 0.3664
Trail Making Test Part B (TMT-B) score 148.8+78.4 149.0+80.6 148.9+79.3 0.9857
Wechsler Digit Span Forward (WDS-F) 8.8+2.2 8.0+24 8.4+23 0.0139
score
Wechsler Digit Span Backward (WDS-B)  5.3+2.3 5.0+2.2 51+2.3 0.3423
score
Insulin (median (IQR)) 6.2(41-8.7) 6.9 (4.4-9.) 6.5 (4.2-9.1) 0.3400
Lipase (UL™) (median (IQR)) 40.5 (34.0-53.0) 46.0 (33.0-68.5) 43.0 (34.0-60.0) 0.002
Amylase (UL™) 80.1+50.3 80.7£58.3 80.4+54.3 0.9374

aThe data in the table are based on the baseline visit data unless the variable was part of the exclusion/inclusion criteria or recorded only at screening. "MMSE scores and age are inclusion
criteria and stratification variables; these values were recorded at screening to ensure that there were no missing values. “MMSE scores range from O to 30; lower scores indicate poorer
cognitive performance. “Scores on the 13-item cognitive subscale of the ADAS (ADAS-Cog 13). Scores range from O to 85; higher scores indicate greater deficit. °CDR-SoB; higher score

indicates greater severity of dementia (range, 0-18). "ADCS-ADL; lower score indicates greater severity (range, 0-52). NPl is the total score of 12 individual domains that ranges from O to 144.
Higher scores indicate more behavioral disturbance. GDS is a 30-question long-form questionnaire ranging from O to 30, with higher scores indicating more severe depression. COWAT is a
measure of verbal fluency. Each participant score is the mean of the number of acceptable answers given. CFT participant score is the total acceptable words named and is scored by how
long participants take to complete the test. Participants’ time was capped at 240seconds. In the WDS test, participants are asked to repeat a sequence of numbers in order and in reverse.
Higher scores indicate better performance. A two-sided Student’s t-test was used to compare between the placebo and treatment groups except for sex, where a chi-squared test was used. An

unadjusted P<0.05 was considered significant.
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Fig.2|Change in primary outcome (PET SUV) and sensitivity analyses (PET
spectral) at 52 weeks. (i) Figure shows change of scores at group level. Data

are presented as mean + s.e.m. (ii) Box plots show the median (center line) and
interquartile range (IQR; box limits). Whiskers show the 95% confidence intervals
(Cls), and points beyond this range are plotted as outliers. Individual data spread
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is plotted on the box-and-whiskers plot. Analysis of covariance adjusted for
baseline values and stratification factors (age and MMSE) was used to compare
between the placebo and treatment groups. Baseline n (placebo, 94; treatment,
93) and 52 weeks n (placebo, 82; treatment, 72) for PET SUV (a) and PET spectral
(b). Pvalues are unadjusted (P < 0.05).
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Fig. 3| Changeinkey secondary outcomes—ADAS-Exec, CDR-SoB and ADCS-
ADL z-scores at 24 weeks and 52 weeks. (i) Figure shows change of scores at
group level. Data are presented as mean * s.e.m. (ii) Box plots show the median
(center line) and interquartile range (IQR; box limits). Whiskers show the 95%
confidence intervals (Cls), and points beyond this range are plotted as outliers.
Individual dataspread is plotted on the box-and-whiskers plot. A multilevel
mixed-effects model was used to compare between the placebo and liraglutide
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treatments. a, Baseline n (placebo, 100; treatment, 100), 24 weeks n (placebo,
95; treatment, 83) and 52 weeks n (placebo, 87; treatment, 79) for ADAS-Exec. b,
Baseline n (placebo, 100; treatment, 99), 24 weeks n (placebo, 89; treatment, 80)
and 52 weeks n (placebo, 88; treatment, 79) for CDR-SoB. ¢, Baseline n (placebo,
100; treatment, 100), 24 weeks n (placebo, 94; treatment, 83) and 52 weeks n
(placebo, 89; treatment, 80) for ADCS-ADL. Pvalues are unadjusted (P < 0.05).

12 months of the study occurring in18 (17.6%) participants on placebo
and in seven (6.9%) participants on treatment. Most serious adverse
events were considered unlikely to be related to the study treatment.
There were 14 unexpected serious adverse events in the placebo arm
and four unexpected serious adverse eventsinthe treatmentarm. There
was one life-threatening serious adverse event in the placebo group.
Alladverse events are shown in Supplementary Table 5.

The most common adverse event was a gastrointestinal disorder,
which had a higher incidence rate in the treatment group compared
to the placebo group and accounted for 25.5% of all adverse events
reported in those treated with liraglutide. Common gastrointestinal
side effects included anorexia, bloating, diarrhea, dyspepsia, nausea
and weight loss. Up to 5% weight loss was experienced by 39.2% of
patientsin the liraglutide arm and by 12.6% of patients in the placebo
arm, and 5-10% weight loss was experienced by 8.9% of patients in the
treatment arm and by 1.1% of patients in the placebo arm.

Liraglutide has a clinically acceptable safety profile for the treat-
ment of Alzheimer’s disease syndrome and was well tolerated in par-
ticipants without diabetes or obesity.

Exploratory outcomes
No significant treatment difference was observed on MRI volumes
in hippocampus and entorhinal cortex or ventricular volume (Fig. 4

and Supplementary Table 6). However, the exploratory analyses of
liraglutide-treated participants showed lower volume reductions in
the temporallobe (696 mm?; 95% confidence interval: 184.37-1,208.12;
P <0.001) and total gray matter volume (7,274 mm?; 95% confidence
interval: 2,704.05-11,844.8; unadjusted P= 0.002) compared to the
placebo group (Supplementary Table 6). Additionally, parietal lobe
(1,978 mm?; 95% confidence interval: 360.12-3,597.67; unadjusted
P=0.018) and frontoparietal lobe (4,272 mm?; 95% confidence inter-
val: 722.41-7,820.64; unadjusted P = 0.02) showed a trend of lower
reductioninvolume.

Exploratory regional voxel-based morphometry (VBM)
analysis (Fig. 5 and Supplementary Table 7) demonstrated that
liraglutide-treated participants showed a trend of slower reduc-
tion in frontal (2.82 x1073; 95% confidence interval: 2.10 x 10™*
to 5.44 x107%; unadjusted P < 0.036), parietal lobe (2.61 x 107%; 95%
confidence interval: 5.9 x 107 to 5.16 x 107%; unadjusted P < 0.047),
temporal (3.90 x 1073, 95% confidence interval: 8.27 x 10 to
6.98 x 107%; unadjusted P < 0.014), whole cortical gray matter
(2.98 x1073; 95% confidence interval: 5.91 x 10 t0 5.36 x 107%; unad-
justed P<0.016) and white matter (3.22 x 1073; 95% confidence
interval: 9.30 x 10™* to 5.51 x 1073; unadjusted P < 0.007) volumes
compared to placebo-treated participants (Fig. 5and Supplementary
Table 7).
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Fig.4|Changesin other secondary outcomes—MRI volumes at 52 weeks.

MRI analyses for composite region brain (a), ventricular (b), cingulate isthmus
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beyond this range are plotted as outliers. Individual data spread is plotted on the
box-and-whiskers plot. Analysis of covariance adjusted for baseline values and
stratification factors (age and MMSE) was used to compare between the placebo
and treatment groups. Baseline n (placebo, 101; treatment, 101) and 52 weeks
n(placebo, 83; treatment, 75). Pvalues are unadjusted (P < 0.05). A predefined
P<0.01was used.

Discussion
Inthisfirst phase 2b study, we evaluated the effect of liraglutide on glu-
cose metabolism, cognitionand MRIvolume in patients with Alzheimer’s
disease syndrome. Although this study revealed no significant changes
in the cerebral metabolic rate of glucose in participants treated with
liraglutide compared to those treated with placebo, the secondary trial
outcomes revealed a beneficial treatment effect of slowing cognitive
deterioration (ADAS-Exec), and liraglutide was generally safe and had an
acceptable safety profile. The exploratory outcome measure revealed a
beneficial effect of slowing of brain volumeloss. Theliraglutide-treated
participants performed better on the comprehensive ADAS-Exec cogni-
tive battery (whichisacombination of ADAS-Cog and Executive domain
scores fromthe NTB) but not on other cognitive measures (CDR-SoB or
ADCS-ADL) after 52 weeks of treatment compared to the placebo group.
As the results were not corrected for multiple comparisons due to the
exploratory nature of the study, this must be interpreted with caution.
Although the improvement started to appear before 6 months, it was
more obvious by 52 weeks, suggesting that GLP-1analogs may positively
influence cognition in Alzheimer’s disease over a prolonged period of
treatment, and the preserved MRl outcomes may be compatible with a
possible neuroprotective effect. Due to the exploratory nature of this
phase 2b study, these findings need to be confirmed in larger studies.
Preservation of cognitive function observedin liraglutide-treated
participants was consistent with preclinical findings®>* and the cog-
nitive benefits identified in a meta-analysis of antidiabetic agents in
participants with Alzheimer’s disease?. In our study, the ADAS-Exec
z-score for cognitive function was higher for the placebo group at
baseline; the slope of decline changed at 24 weeks and became sig-
nificant at 52 weeks (Fig. 2). This may be due to liraglutide exerting
its effect via neuroprotective mechanisms rather than having a direct
symptomatic efficacy, which would have been evident within 24 weeks.

The symptomatic agent donepezil showed cognitive improvement of
Alzheimer’s disease cases by week 12, which continued at weeks 18 and
24 (ref.23). Our observations are consistent with and supported by the
REWIND trial, where long-term dulaglutide treatment prevented cogni-
tive decline in participants with diabetes assessed with the Montreal
Cognitive Assessment and the Digit Symbol Substitution Test**. Taken
together with our current trial, we suggest that aneuroprotective effect
may be a class effect of GLP-1analogs.

Although we acknowledge that this was a12-month-duration study,
which may be insufficient to definitively establish long-term clinical
benefit in Alzheimer’s disease, it can still yield meaningful insights,
and further studies are necessary to fully establish the effectiveness of
this drug. Modest cognitive or biomarker effects over this timeframe
may represent early indicators of aslowed neurodegenerative process,
which, if sustained, could translate into tangible long-term benefits.
Determining what constitutes a clinically meaningful change in Alzhei-
mer’sdiseasetrialsisinherently complex. Thisis dueto the heterogene-
ity of disease progression, the limitations of traditional cognitive and
functional scales and the often-subtle nature of early-stage change.
Importantly, cognitive changes may precede observable functional or
global benefit, particularly over short trial durations. Furthermore, the
field lacks a universally accepted quantitative threshold for meaningful-
ness; rather, regulatory and clinical interpretations increasingly empha-
size consistency across multiple domains, biological plausibility and
the potential for preservation of autonomy and quality of life over time.

The observed attenuation of gray matter loss and reduced tempo-
rallobe atrophyinliraglutide-treated participants aligns with evidence
from other therapeutic trials, including donepezil and blarcamesine,
that have shown similar effects”?°. However, this remains a notewor-
thy finding, given that such structural preservation is still relatively
uncommon across the broader landscape of Alzheimer’s disease trials.
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Fig. 5| Changes in exploratory outcomes—VBM analyses at 52 weeks. Panel
ashows reduced voxel-wise decline of gray matter VBM in participants treated
with liraglutide. VBM analyses are reported for frontal lobe (b), hippocampus (c),
medial temporal lobe (d), parietal lobe (e), temporal lobe (f), whole gray matter
(g) and whole white matter (h). (i) Figure shows change of scores at 52 weeks
atthegroup level. Data are presented as mean + s.e.m. (ii) Box plots show the
median (center line) and interquartile range (IQR; box limits). Whiskers show

WV

the 95% confidence intervals (Cls), and points beyond this range are plotted as
outliers. Individual data spread is plotted on the box-and-whiskers plot. Analysis
of covariance adjusted for baseline values and stratification factors (age and
MMSE) was used to compare between the placebo and liraglutide treatments.
Baseline n (placebo, 101; treatment, 101) and 52 weeks n (placebo, 83; treatment,
75). Pvalues are unadjusted (P < 0.05).

Blarcamesine demonstrated an attenuationinglobal brain volume
loss measured by MRIand reduction of the expansion of the lateral ven-
tricular volume compared to placebo. Volumetric MRIimprovements
associated with blarcamesine appeared globaland may beinresponse
to restoration of cellular homeostasis. The global improvements in
volumetric MRI associated with blarcamesine are accompanied by
reducing the decline of clinical disease progression, which suggests
that the drug effects might be exerted by mitigating neurodegenera-
tion”.Inanother trial, a45% reduction of rate of hippocampal atrophy
was observedin prodromal Alzheimer’s disease after 1 year of treatment
with donepezil compared to placebo®. No significant difference was
observed in neuropsychological performance between treatment
groups?. Longer observation periods and longitudinal studies are war-
ranted to evaluate the association between reduced rate of hippocam-
pal atrophy and protective effects on cognition, such as memory and
other clinically relevant domains. Similarly, thereis aneed toreplicate
the results in prodromal Alzheimer’s disease to understand the basic
mechanism through which liraglutide impacts morphology and/or
structure of brain regions affected by Alzheimer’s disease.

Itis possible that MRIoutcomes could be considered asacomposite
measurereflecting animprovement of several underlying pathological
processes occurring in Alzheimer’s disease. The potential beneficial
neuronal effect of liraglutide is supported by previous observations
of improved intrinsic connectivity compared to placebo in individu-
als at risk of Alzheimer’s disease". Therefore, it is possible that GLP-1
analogs, as a treatment for Alzheimer’s disease, produce observable
neuroprotective effects on both brain structure and function, thus
reducing the decline in participants’ cognitive function. It has been
shown that liraglutide reduces neuroinflammation, reduces tau phos-
phorylation mediated by PI3K/Akt/GSK3 signaling”, attenuates toxic

protein buildup and improves synaptic function in transgenic animal
models of Alzheimer’s disease, all of which could decrease gray matter
atrophy and ultimately provide protection against cognitive decline.Itis
likely that the effect of GLP-1analogs is not region specific and influences
the whole of the brain. Although we did not observe the preservation
of volume in some of the smaller structures, it is likely that we would
need a larger number of participants to demonstrate an effect in the
smaller structures due to significant variability in the atrophy in these
structures for theadvanced participants who wereincludedin the study.
Additionally, based on our cortical VBM results, the spatial distri-
bution of significant voxels in the cortex closely resembles the spatial
distribution of the expression of insulinreceptor substrate 1 (IRS-1) and
other molecules in the insulin signaling cascade®. IRS-1is an effector
molecule ofthe insulin receptor. Specific changesinits phosphorylation
resultinimpaired insulinsignaling, whichis an established pathological
marker ofinsulinresistancein peripheral tissues. Various differentially
phosphorylated forms of IRS-1 have been considered pathological
markers ofinsulinresistance in Alzheimer’s disease?®”. Impaired insulin
signaling and IRS-1 signaling have been observed in the postmortem
Alzheimer’s disease brain’°. This is an indirect finding and provides
evidence suggestive of target engagement by liraglutide. Liraglutide
treatment hasbeen shown to ameliorate insulin resistance aberrations
and decrease IRS-1pS®* upregulation in mouse models of Alzheimer’s
disease’. This warrants additional investigation of the therapeutic
potential of liraglutide and GLP-1 agonists in Alzheimer’s disease.
Inthe present study, we did not demonstrate areduced changein
cerebral glucose metabolism in participants treated with liraglutide.
This finding differs from a previous 26-week pilot study in which lira-
glutide prevented a decline in glucose metabolism compared to pla-
cebo'’. There are several possibilities to explain this discrepancy. First,

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-025-04106-7

failure to observe any changesin cerebral glucose metabolism probably
reflects key differences in methodology. The participants continued
treatment up to the scanning datein the previous study but discontin-
ued treatment 3 days before the week 52 PET scan was acquired in the
ELAD study. The rationale for conducting the scans 3 days after the
final dose was to minimize the potential for acute pharmacodynamic
effects (giving aminimum of five half-lives of liraglutide)—particularly
those that could transiently alter systemic glucose availability or uptake
mechanisms unrelated to central neuronal activity. ['F]FDG uptake in
the brain is largely insulin independent, especially in neurons, and is
thought to reflect neuronal metabolic activity rather than peripheral
insulin action®. Although liraglutide caninfluence peripheral glucose
metabolism, the brain’s glucose utilization, as measured by ['*F] FDG
PET, is relatively stable and less subject to short-term fluctuations
in insulin sensitivity. Future studies should evaluate the influence of
suddenly stopping the GLP-1analogs on the brain after daily injections
for ayear. A greater number of participants may be needed to demon-
strate a group difference upon treatment cessation. Second, it is pos-
sible that the wider clinical range of Alzheimer’s disease participants
(MMSE scores15-30) included in this trial may have diluted any [*F] FDG
changes. Participants with MMSE scores lower than 18 have severe hypo-
metabolism that is associated withadvanced disease, which may be dif-
ficulttoprotect withliraglutide owingto the extent of neuronal damage.
Third, the number of participants who completed the trial was less than
that anticipated by our power calculation. Finally, levels of microglial
activation may drive ['F] FDG signal alterations. It is also possible that
asliraglutide has been shown to reduce microglial activation®, ['*F] FDG
signal discrepancies could also reflect that 52 weeks of treatment may
also be attenuating the inflammatory response, resulting in a relative
reductionin glucose metabolism in patients who received treatment.

Liraglutide was well tolerated by the participants with Alzheimer’s
disease. The total number of adverse events was greater in the patient
group treated with liraglutide, consistent with the side effect profile of
the drug; however, serious adverse events were more common in the
placebogroup. Gastrointestinal adverse events were the most frequently
reported in participants receiving liraglutide, an established class effect
of GLP-1receptor agonist compounds that declines over the course of
treatment’*. Once-daily injections can be a substantial burden for par-
ticipants. An oral formulation of GLP-1receptor agonist is available and
regularly used in the treatment of diabetes and obesity, which would
reduce this burden and benefit the level of treatment compliance in
future studies, although our study did demonstrate that even daily injec-
tionsinthe contextof a clinical trialin Alzheimer’s disease are possible.

Together, our study provides, to our knowledge, the first
large-scale evaluation of GLP-1analogs in people living with Alzheimer’s
disease and provides aninsight into the mechanism of action of GLP-1
analogsinneurodegenerative diseases. Thereisanunmet need toiden-
tify effective treatment strategies beyond targeting 3-amyloid pathol-
ogy. Although promising, novel anti-B-amyloid therapies provide only
modestimprovements to activities of daily living and cognitive benefits
despite effectively reducing B-amyloid load. Alzheimer’s pathogenesis
ismultifaceted, and here we indicate a cognitive benefit of acandidate
that is evidenced to influence several pathological aspects of Alzhei-
mer’s disease beyond 3-amyloid. This is anotable finding, demonstrat-
ing the ability of non-f3-amyloid targets to provide cognitive benefit and
neuroprotection and showing theimportance of developing alternate
treatments toaccompany therapies such aslecanemab and, potentially,
donanemab. To identify an effective treatment strategy, we indicate
thatamultitargeted approach s essential for the future of Alzheimer’s
therapy. Withawell-established safety profile in patients with obesity
and diabetes, we demonstrate that liraglutide is generally safe and well
tolerated in this neurodegenerative population.

Participants were diagnosed in specialized centers after detailed
clinical and neurological examination, neuropsychometric evalua-
tion and MRI scans. All participants had repeat MRl and [**F] FDG PET

as a part of the study. Any patient whose MRI and [**F] FDG PET were
not consistent with a diagnosis of Alzheimer’s disease was excluded.

Although B-amyloid PET, tau PET or translocator protein (TSPO)
PET were outcome measures, owing to participants’ burden due to the
number of PET scans and that these scans were optional, participants
did not proceed to have the optional -amyloid PET, tau PET or TSPO
PET, and we were unable to evaluate regional levels of -amyloid, tau
deposition and neuroinflammation. We collected blood samples of
patients at baseline and follow-up; however, the plasma biomarkers
have notbeenanalyzed. Asaresult, we cannot provide complementary
biomarker evidence to contextualize the observed metabolic findings.
Future studies incorporating both 3-amyloid biomarkers and genetic
risk stratification (APOE genotype) will be important to fully under-
stand treatment heterogeneity. Moreover, integrating blood-based
and imaging-based biomarkers alongside genetic profiling will better
elucidate mechanisms and treatment effects.

Akey limitation of this study was that attrition reduced the achieved
sample size compared to that plannedin the original power calculation.
Although power calculations are prospective tools and are not typically
reestimated post hoc, the reduced sample size likely lowered the prob-
ability of detecting small effects and limits replication confidence. In
addition, noformal power calculation was performed for secondary or
exploratory endpoints; analyses should, therefore, be interpreted as
exploratory and hypothesis generating. Nonetheless, the study success-
fully demonstrated feasibility, safety and some early biological signals.

Moreover, akey limitation of the present study was the limited pop-
ulation diversity, in that most of the participants were White. The ethnic
composition of the population makes it challenging to assess whether
findings are representative across different demographic groups and
generalizable to the general public. In addition, important sources of
heterogeneity, such as diet and medical history, were not described or
modeled, limiting the ability toaccount for potential confounders that
may influence treatment response. However, participants’ medical his-
tory that may influence cognitive function was notincludedin the study.

We performed mean imputation that has limitations and may
not fully preserve variability or multivariate relationships. Only four
patients had missing data at baseline, which makes up 2% of the study
population. Hence, meanimputationin the present study was applied
only to baseline covariates. More sophisticated approaches, such as
multipleimputation, would be preferablein larger confirmatory trials.

The ELAD study showed no significant changesin cerebral glucose
metabolismin participants with mild to moderate Alzheimer’s disease
syndrome, which was the primary outcome measure. The secondary
outcome measures revealed that patients treated with liraglutide had
a significantly slower decline in cognition (ADAS-Exec) and a slower
reductionin MRIbrain volume comparedto the placebo arm, demon-
strating afavorableresponseto liraglutide treatment. Liraglutide was
welltolerated by patients with Alzheimer’s disease syndrome.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Study protocol and population

Between March 2014 and January 2021, we conducted a 12-month,
multicenter, randomized, double-blind, placebo-controlled phase 2b
trialin 24 sites across the UK. All PET and MRI scanning was performed
at asingle site at the Imperial College Clinical Imaging Facility, and
other trial-related activities were performed at the individual sites.
Participants were recruited from memory clinics and Dementia and
Neurodegenerative Diseases Research Networks.

Eligible participants were aged 50 years or older with a clinical
diagnosis of mild to moderate Alzheimer’s disease based on detailed
clinical and neurological examination, neuropsychometric evaluation
and MRl scans in the secondary or tertiary centers as defined by the
National Institute of Neurological and Communicative Diseases and
Stroke/Alzheimer’s Disease and Related Disorders Association. Par-
ticipants with Alzheimer’s disease had an MMSE score of 15 or higher
and aCDRGlobalscoreof 0.5,10r2, calculated using the University of
Washington online algorithm. Participants who were taking treatment
for diabetes mellitus were excluded. A completelist of the inclusion and
exclusion criteriais provided in the supplementary files.

This study was approved by the local and regional Regulatory Eth-
ics Committees (National Research Ethics Committee-Riverside and
Imperial College London/Imperial College Healthcare NHS Trust Joint
Research Office) and the Medicines and Healthcare products Regula-
tory Agency (MHRA). Approval for the administration of radioactivity
was given by the Administration of Radioactive Substances Advisory
Committee. Writteninformed consent was provided by all participants
before participationinthetrial. AnIndependent DataMonitoring Com-
mittee and an Independent Trial Steering Committee met regularly dur-
ing the trial to monitor the safety and conduct of the trial. Clinical data
will be entered directly into computers via Inform. The data manager
will arrange appropriate quality assurance checks. After each assess-
ment, data will be entered in the study database. Participants will be
identified by their unique patientidentifier only. The trial protocol and
statistical analysis plan are provided in the supplementary materials.

Randomization and masking

Atotal of 204 participants were randomized to receive the active drug
or placebowith al:1allocation ratio using stratified block randomiza-
tion with a fixed block size of six. Randomization was performed by
Mawdsley and Brooks. Participants were stratified according to age
groups (age 50-75 years and age >75 years) and MMSE scores (MMSE
15-24 and MMSE >24).

Intervention

In animal models of Alzheimer’s disease, a liraglutide dose of
0.25 mg kg™ d'was used to test its efficacy, which translates to a human
equivalent dose of 1.2-1.8 mg of liraglutide dailyina 60-90-kg human,
as per the US Food and Drug Administration (FDA) conversion table
2005 (https://www.fda.gov/media/72309/download)®. In humans,
liraglutide at doses up to 1.8 mg has been approved inseveral countries,
including the European Union, Japan, Australiaand the United States,
for the treatment of type 2 diabetes under the trade name Victoza. In
March 2015, the European Medicines Agency (EMA) approved its use
in obesity under the trade name Saxenda, at doses up to 3 mg. The
dosesusedinthe ELAD trial are those approved for diabetes, as, at the
time of the study design, liraglutide was only approved for clinical use
in diabetes™.

Pharmacokinetic data fromthe clinical development program for
liraglutide demonstrated that it is absorbed slowly (tmax = 8-12 hours)
and has a half-life of approximately 13 hours®. Although liraglutide’s
brain penetration is limited, pharmacokinetic and functional data
demonstrate that sufficient concentrations of liraglutide reach the
central nervous system (CNS) to activate GLP-1receptors, including
in cortical and hypothalamic neurons®. Preclinical (animal model)

studies have demonstrated that liraglutide suppresses 3-amyloid
accumulation and tau hyperphosphorylation and inflammation?**,
Thus, liraglutide does pharmacokinetically engage CNS targets at
therapeutic doses. Liraglutideis suitable for once-daily subcutaneous
injection given any time of the day, independent of meals. Investiga-
tion of liraglutide metabolism in vitro and in healthy participants has
indicated that liraglutide isendogenously metabolized and that neither
renal excretion nor hepatic extraction is a major route of clearance.
The pharmacokinetics of liraglutide has been investigated in human
participants with renal and hepaticimpairment and has not raised any
safety concerns. However, the therapeutic experience in participants
with hepatic or renal impairment is limited. The effects of age and
gender onthe pharmacokinetics of liraglutide have beeninvestigated,
and it was concluded that all participants, regardless of age or gender,
should be dosedinaccordance with the usual proposed dose regimen
for liraglutide™.

Participants received once-daily injections of liraglutide or pla-
cebo. The study drug was administered as a daily subcutaneous injec-
tion, commencing with a dose of 0.6 mg once daily, and the dose was
escalated to 1.8 mg within 4 weeks. Participants who did not tolerate
1.8 mg remained on 1.2 mg for an additional 2 weeks, and then two
more attempts were made toincrease the dose to1.8 mg. If participants
did not tolerate 1.2 mg, they were withdrawn from the study but were
includedinthe safety reporting. After completion of the 52-week treat-
ment period, participants were given the opportunity to participatein
a12-month open-label extension, in which they received liraglutide,
the results of which are not reported here.

There were no recorded treatment crossovers in this trial. The
compliance was measured in two ways: the total drug prescribed to
individuals, dispensed at visits and returned at visits (measured in mg),
and the number of injections taken according to diaries and time on
the trial (participants provided diary information at each visit). The
mg prescribed compliance was calculated according to:

mg prescribed and returned compliance (%)

_ Totalmgdispensed—Total mg left over

x 100

Total mg prescribed

The number of injections taken compliance was calculated
according to:

Number of injections taken (%)

Total injections taken according to diaries
= d g x 100

Days on trial

Data collection

The patients were recruited from memory clinics across the UK in 24
sites. All patients had adiagnosis of Alzheimer’s disease based on their
clinical evaluation, neurological examination, neuropsychometric
evaluation and MRl scans. All patients were provided with a detailed
patient information sheet with adequate time to consider the study.
Participants were then invited to the trial site, and written informed
consent was obtained. All participants underwent a detailed screen-
ing test that involved reviewing the clinical history and diagnosis,
collecting medical history and ensuring that the patient satisfied the
inclusion/exclusion criteria. Participants had detailed physical and
neurological examination and neuropsychometric evaluation. Patients
alsounderwent vital signs, 12-lead electrocardiogram (ECG), laboratory
tests and safety blood tests. Patients had 17 visits in total during the
52-week study. After the screening, eligible participants underwent a
baseline visit, as detailed in the supplementary materials. Participants
were given liraglutide 1.8 mg per day or placebo. Safety visits were
performed atweeks0,1,4,8,12,16,20,24,28,32,36,40,44,48,52and
56. ['®F] FDG and MRI scans were completed at baseline and at week
52 visits. ADAS-Exec, CDR-SoB and ADCS-ADL were rated at baseline,
week 24 and week 52.
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Outcomes

Neuroimaging measures. The primary outcome measure was the
change in rCMRglc in the cortical regions (combination of regions:
hippocampal, medial temporal lobe and posterior cingulate)
from baseline to follow-up (12 months) in the treatment group com-
pared to the placebo group. rCMRGIc was estimated by creating para-
metric maps using spectral analysis with an arterial plasma
input function as previously described*>*". We used a lumped
constant of 0.48. Additionally, SUV was calculated using the following
formula: Tracer uptake value

(Dose of radioactivity injected/Body weight)'
A region of interest analysis was undertaken for rCMRGIc and

SUV images, and all individual images were co-registered to their
corresponding MRIs. Object maps were created by multiplying the
binarized MRIwith the probabilistic atlas using SPM8 in MRI space to
create individualized object maps of volumes of interest. Parametric
maps were then sampled combining hippocampus, medial temporal
lobe and posterior cingulate cortex using Analyze AVW. We assessed
cerebral glucose metabolism in a composite region combining the
hippocampus, medial temporal lobe and posterior cingulate cortex
from rCMRglc and SUV parametric images of ['*F] FDG PET scans.

The key secondary outcomes included a change from baseline
to 12 monthsin z-scores for the ADAS-Exec (ADAS-Cog and the Execu-
tive domain scores from the NTB), the incidence and severity of
treatment-emergent adverse events or clinically important changes
in safety assessments over 12 months. CDR-SoB and ADCS-ADL were
also secondary outcome measures.

MRI changes in the volume of the ventricles and a composite
region (hippocampus and entorhinal cortex) from baseline to 52 weeks
were assessed ina predefined secondary analysis. Participants’ TIMRI
volumetric scans at baseline and 52 weeks were processed using Free-
Surfer software 7.4.1(ref. 42). Predefined exploratory analysis was per-
formed for temporal lobe, ventricles and isthmus cingulate. As GLP-1
analogs can have global effects, we performed additional analyses for
whole gray matter, frontoparietal and occipital lobe volumes. (Image
processing of ['F] FDG PET imaging and MRI scans are detailed in the
supplementary materials.)

VBM analysis was performed as an exploratory analysis of brain
macrostructure at aregional and voxel-wise level. Regional analysis was
conducted within the hippocampus, medial temporal lobe, anterior
cingulate, posterior cingulate, frontal lobe, parietal lobe, occipital
lobe, temporallobe volume, whole gray matter and whole white matter.

Safety and tolerability were assessed based on all reported adverse
events and serious adverse events. Clinically significant abnormalities
in vital signs, laboratory evaluations, ECG recordings and physical
examinations were recorded as adverse events on the relevant medi-
cal/psychiatry history. Key secondary outcomes included the change
from baseline to 52 weeks in z-scores for the ADAS-Exec, CDR SoB
and ADCS-ADL.

The ADAS-Coghas been employed as a cognitive efficacy measure
in most Alzheimer’s disease clinical drug trials. However, its use has
been criticized on the grounds that it does not index all the func-
tions known to be compromised early on in Alzheimer’s disease,
and, because measurement is variable, studies require many study
participants. Additional tests have been added to remedy the defi-
ciencies of the original instrument*’. However, it is not clear that
they have successfully remedied the identified issues. Alternative
instruments, such as the NTB**, have been validated and accepted
for use. However, even when used in tandem with the ADAS-Cog, the
NTB does not satisfactorily map all the cognitive domains specified
by the EMEA**. To remedy these issues, we combined the standard
13-item ADAS-Cog with the executive function components of the NTB
(namely, Controlled Oral Word Association Test (COWAT), Category
Fluency Test (CFT), Wechsler Digit Span (WDS) and Trail Making Test
(TMT)). Performance on the ADAS-Execis summarized as acomposite

towhich eachmeasure contributes equally via z-score transformation.
Support for the utility of this approach was previously provided by
applying this methodology to the data from proof-of-concept trials
of PBT2 (refs. 45,46).

The total scores for ADAS-Exec were calculated for each test all
in the same direction (higher score means better performance). The
ADAS-Cog13 subtest scoring (1.1-1.14) and the NTB scoring (1.15-1.18)
areshown below:

1.1Word recall
The total of the correctly recalled names of word (recalll +
wordrecall2 + wordrecall3)
1.2 Delayed recall
The number of words correctly recalled
1.3 Naming task
Total of correctly named items (maximum17)
1.4 Commands
Total of correct commands (maximum 5)
1.5 Constructional praxis
Total of correct drawings (maximum 4)
1.6 Ideational praxis
Total of correct responses given (maximum 5)
1.7 Orientation
Total of correct responses given (maximum 8)
1.8 Word recognition
Total number of correct responses (capped at12)
1.9 Language score
Score between 0 and 5 given by examiner (higher score means
better performance)
1.10 Comprehension
Score between 0 and 5 given by examiner (higher score means
better performance)
1.11 Word finding
Score between 0 and 5 given by examiner (higher score means
better performance)
1.12Remembering test instructions
Score between 0 and 5 given by examiner (higher score means
better performance)
1.13 Mazes
Difference between the time limit of 240 seconds and the number
of seconds on the test
1.14 Number of cancellations
Difference between the number of correct targets crossed off and
the number of incorrect targets crossed off
1.15 COWAT
Total acceptable named words regardless if missing score for
oneletter
116 CFT
Total acceptable named answers
1.17 WDS
Forward total at each timepoint
Backward total at each timepoint
1.18TMT

Trail A: difference between the time limit of 240 seconds
(maximum time limit) and the number of seconds on the test
Trail B: difference between the time limit of 240 seconds
(maximum time limit) and the number of seconds on the test

The ADAS-Exec z-score was calculated in the following steps:

- Thescreeningand baseline total scores were averaged and used as
asinglebaseline assessment. Where only one screening or baseline
score was available, this value was used as the baseline.

- The mean and standard deviation were calculated for each total
score at baseline.
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- The participants’ z-score for each test was calculated at each
timepoint:

zZ—score,
SCOre,—Mean SCorepysefine

= — e _where t = baseline, 24 weeks and 52 weeks

S.d.baseline

- Theaverage z-score for each participant was calculated.

- ADASforeach patient was calculated as the average of the z-scores.

- Thez-scores were estimated for participants withatleastone NTB
subtest and at least two-thirds (9/14) of the ADAS-Cog subtests
completed.

Additional secondary outcomesincluded TSPO and tau PET, amy-
loid load and APOE4 status. Patients were keen to undergo minimal
PET imaging; therefore, tauand TSPO PET were not completed as part
of this study, and cerebrospinal fluid data were also not collected.
Genotyping and plasma markers have not yet been analyzed and are
notreported in the paper.

Statistical analysis

Landau et al.*’ used the [**F] FDG PET imaging biomarker to monitor
the progression of Alzheimer’s disease. At and after 12 months, they
found amean change in the ['*F] FDG region of interest of —0.055, with
ans.d.of 0.068 (ref. 47). Assuming that the treatment reduces the mean
change of ['*F]JFDG SUV in the participants with Alzheimer’s disease to
-0.025 (44% effect size), 82 participants would be required per group to
provide 80% power at a 5% significance level. Allowing for adropout of
15% over the study period, the trial required 103 participants per group
(206 intotal). Statistical analyses were performed using MATLAB ver-
sion2020a, and all Pvalues were two-sided. A significance level of 0.05
was used to declare statistical significance for the primary outcome,
key secondary outcomes and other secondary outcomes. A predefined
significance level of 0.01 was used to declare statistical significance
for any exploratory analyses. 95% confidence intervals are reported
throughout. In this study, only the primary endpoint was designated
for confirmatory testing and subjected to the predefined type I error
control. All secondary and exploratory endpoints were analyzed to
generate hypotheses for future trials.

The primary analysis was intention to treat and involved all
patients who were randomly assigned. An analysis of covariance was
undertaken for the primary outcome of participants who completed
the baseline and follow-up scans, withrCMRglc as the response variable
and adjusting for stratification factors (age and MMSE) and baseline
values of rCMRglc. No missing data were imputed for the outcome
data, and any missing baseline data were imputed as the mean of the
participants with this measurement*® (irrespective of treatment). We
calculated the adjusted mean difference in change in rCMRglc in the
composite cortical region between randomized groups at 12 months
with 95% confidence interval and associated two-sided P value. The
primary outcome was analyzed using two methods: SUV and spectral
analysis. We had 101 participants for the analysis using spectral analysis
with arterial plasmainput, whereas the less invasive SUV method had
154 participants with baseline and 52-week analyzable scans. The SUV
resultswere analyzed as the primary outcome, and the spectral analyses
were analyzed with the same method as part of the sensitivity analysis.

A multilevel mixed-effects model was used to interrogate the
repeated key secondary outcome measures at 24 weeks and 52 weeks.
The model allowed for aninteraction between treatmentand timeasa
categorical variable and was adjusted for the randomization factors and
baseline values of the outcome. An analysis of covariance as described
for the primary outcome (without imputation) was used for the MRI
volumetricsecondary and exploratory outcomes. A change in volume
from baseline to 52 weeks was analyzed as part of an exploratory analy-
sis. P<0.01 was considered significant.

Safety and tolerability assessments included the monitoring and
recording of alladverse events and serious adverse events as well as the
regular monitoring of vital signs. Clinically significant abnormalities
in vital signs, laboratory evaluations, ECG recordings and physical
examinations were recorded as adverse events and followed-up as
appropriate. Adverse events were described by duration, severity
grade, relationship to the study drug, the actions taken and the out-
comeifrelevant.

Allanalysis was conducted using Stata version15.1(StataCorp LLC).

Patient and publicinvolvement

During the design and conduct phase of this study, participants from
the Alzheimer’s Society (patient representative groups) reviewed
the study proposal and all study-related materials. They considered
this study highly important and strongly supported it. Their input
was incorporated into the study protocol, patient information sheet
and other study-related materials. Throughout the study, the Patient
and Public Involvement group met regularly and provided advice on
improving recruitment and on other challenges met during the study.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The deidentified individual participant data that underlie the results
reportedinthis paper (including text, tables and figures) areincludedin
the paperand supplementary datafiles. Source dataare provided with
this paper. Alldatagenerated or analyzed during this study areincluded
in this published article (and its Supplementary Information files).
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Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the

manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.




Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pngme any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)
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Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field, report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NCT01843075
Study protocol Included in the Supplementary.

Data collection Between March 2014 and January 2021, we conducted a 12-month, double-blind, placebo-controlled trial.




Qutcomes Primary outcome is FDG-PET, key secondary outcome are cognition and AEs, other secondary outcome is MRI.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
|:| Public health
|:| National security

[] crops and/or livestock
|:| Ecosystems
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|:| Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

<
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atithentication-procedures foreach-seed-stock-tised-ornovel-genotype-generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.




Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Randomised, double-blind phase 2 clinical trial study
Design specifications Philips 3.0T MRI scanner

Behavioral performance measures  N/A

Acquisition
Imaging type(s) 3D T1-weighted TFE MRl images (and T2 to exclude structural lesions)
Field strength 3T
Sequence & imaging parameters Slice thickness 1mm; TR 9.9ms; TE 4.6ms; flip angle 8 degrees; matrix size 240x240 pixels
Area of acquisition FOV 240mm, matrix 156x256, voxel dimensions 0.98x0.98x1.6 mm

Diffusion MRI X used [ ] Not used
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Parameters N/A

Preprocessing

Preprocessing software N/A
Normalization N/A
Normalization template N/A
Noise and artifact removal N/A
Volume censoring N/A

Statistical modeling & inference

>
Q
Y
(e
D
1®)
O
=
o
S
_
(D
1®)
o
=
5
(@]
wn
[
=
3
Q
<

Model type and settings Multilevel mixed-effects
Effect(s) tested Grey matter, white matter volumes

Specify type of analysis: [ | whole brain || ROI-based Both

. . Describe how anatomical locations were determined (e.g. specify whether automated labeling algorithms
Anatomical location(s) o

or probabilistic atlases were used).
Statistic type for inference N/A

(See Eklund et al. 2016)
Correction Adjusted for stratification factors (age and MMSE) and baseline values of outcomes.

Models & analysis

n/a | Involved in the study
|:| Functional and/or effective connectivity

|:| Graph analysis

|:| |Z Multivariate modeling or predictive analysis

Multivariate modeling and predictive analysis = ANCOVA (primary outcome); multilevel mixed-effects (other outcomes).
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