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Cellular senescence contributes to Alzheimer’s disease (AD) pathogenesis.
An open-label, proof-of-concept, phase I clinical trial of orally delivered
senolytic therapy, dasatinib (D) and quercetin (Q), was conducted in
early-stage symptomatic patients with AD to assess central nervous system
(CNS) penetrance, safety, feasibility and efficacy. Five participants (mean
age =76 + 5 years; 40% female) completed the 12-week pilot study. Dand Q

levelsinblood increased in all participants (12.7-73.5 ng ml™ for D and 3.29-
26.3 ng ml™ for Q). In cerebrospinal fluid (CSF), D levels were detected in four
participants (80%) ranging from 0.281to 0.536 ml™ with a CSF to plasma
ratio of 0.422-0.919%; Q was not detected. The treatment was well-tolerated,

with no early discontinuation. Secondary cognitive and neuroimaging
endpoints did not significantly differ from baseline to post-treatment
further supporting a favorable safety profile. CSF levels of interleukin-6
(IL-6) and glial fibrillary acidic protein (GFAP) increased (t(4) = 3.913,
P=0.008and t(4) =3.354, P=0.028, respectively) with trending decreases
insenescence-related cytokines and chemokines, and a trend toward higher
AB42levels (t(4) =-2.338, P=0.079).In summary, CNS penetrance of D was
observed with outcomes supporting safety, tolerability and feasibility in
patients with AD. Biomarker data provided mechanistic insights of senolytic
effects that need to be confirmed in fully powered, placebo-controlled
studies. ClinicalTrials.gov identifier: NCT04063124.

Alzheimer’s disease (AD) is the most prevalent cause of dementia, a
devastating condition that affects over 35 million individuals world-
wide'. Historically, drug development for the indication of AD has been
among the slowest, most expensive and least successful with a failure
rate of over 99% (ref. 2). Recent years have seen the development of
disease-modifying drugs capable of removing abnormal aggrega-
tions of amyloid beta (AB) from the brain’. Despite these successes,
the anti-amyloid drugs have only yielded modest clinical results, spur-
ring consideration of new drug targets and combination treatments>*.

The majority of individuals with AD present with multiple etio-
logical contributors to dementia®, suggesting that therapeutic targets
beyond AP and tau neuropathology may be important for maximum
treatment benefits. Focusing on biological aging processes is an area
of growinginterest. Preclinical research has uncovered cellular senes-
cence, a hallmark of aging, as a mechanism driving age-associated
pathologies, including tau accumulation®®. Cellular senescence is
a complex stress response triggered by various stimuli, including
those relevant to AD such as DNA damage, proteotoxic stress and
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Fig.1|Study design and timeline. Primary outcomes were to assess blood-brain barrier penetrance of the senolytic drugs D and Q (D + Q). Secondary outcomes
explored target engagement, safety, cognitive and functional outcomes, and neuroimaging and blood and cerebrospinal fluid AD markers.

mitochondrial dysfunction, among others’. The senescence stress
response allows damaged cellsto survive by upregulating senescent cell
anti-apoptotic pathways (SCAPs)"° and causes inflammation through
their senescence-associated secretory phenotype (SASP)""2, The SASP
comprises cytokines, chemokines, growth factors and extracellular
matrix remodeling molecules, which can spread in a paracrine man-
ner and propagate the senescent phenotype to neighboring cells*”.
In the context of aging and neurodegenerative disease, senescent
cellaccumulation has been identified in multiple cell types within the
central nervous system (CNS), including neurons®”***, astrocytes'®”,
microglia®’®, oligodendrocyte precursor cells” and endothelial cells®.

Pharmacologically clearing senescent cells using senolytics, drugs
thatselectively ablate senescent cells'®, holds great clinical potential™.
At present, dasatinib (D), a tyrosine-kinase inhibitor that is Food and
Drug Administration (FDA)-approved for chronic myeloid leukemia
(CML) and acute lymphoblastic leukemia (ALL)*, and quercetin (Q), a
natural plant-derived flavonoid with anti-inflammatory, antioxidant
andantineoplastic properties® potentially by modulating autophagy*,
arethebest-characterized senolytics’. When combined, D + Q hasbeen
showntoselectively clear senescent cellsin culture 100 nMD +10 pM
Q), inanimal models (5 mg kg™ D + 50 mg kg™ Q) and humans (100 mg
D +1,000 mg Q) (refs. 9,10,21,25).

Senolytic treatment follows an intermittent dosing strategy that
reflectsits mechanism of action, inducing senescent cell death'. Senes-
cent cellsaccumulate slowly, and preclinical studies demonstrate that
continuous treatment is not necessary. Instead, periodic clearance
of senescent cells is sufficient to exert health benefits (reviewed™).
Transcriptomic data from postmortem human AD brain tissue and
AD mouse models revealed senescent cell signatures predicted to be
responsive to D + Q therapy (that is, SCAPs), which were specifically
associated with neurofibrillary tangle (NFT)-bearing neurons®’. Using
the rTg(taup,o, )4510 transgenic mouse model of tau pathogenesis, we
found that biweekly administration of D + Qrelative to placeboresulted
ina35%reductionincortical NFT accumulation, which correlated with
reduced cortical brain atrophy and restored aberrant cerebral blood
flow®. Other research teams confirmed the association between tau
and senescence in PS19 tau transgenic mice® and the effective clear-
ance of senescent cells using D + Q in the Tg(APP/PS1) AB-producing
mouse model®.

Giventhe compelling evidence provided by preclinical research®?,
coupled with the encouragingsafety profiles reported inhuman studies
of D + Qfor other disease indications®*®, we conducted the first clinical
trial of senolytic therapy for AD. The primary aim of the study was to

evaluate the penetration of D and Q in the CNS and collect data on
secondary outcomes including safety and feasibility, target engage-
ment of the senolytic compounds and changes in CSF and plasma
biomarkers relevant to AD, cognition, neuroimaging and functional
status. We enrolled five participants with early-stage symptomatic AD
inanopen-label12-week intervention of intermittent senolytic therapy
and provide the first report of the trial outcomes.

Results
Trial design and characteristics of study participants
Thestudy, Senolytic TherapytoModulate the Progression of Alzheimer’s
Disease (STOMP-AD), was designed to assess CNS penetrance of D
and Qinolder adults with early-stage AD. As previously described”, the
open-label, proof-of-concept, Phasel, single-site pilot study protocol
included the completion of 11study visits over a period of 20-24 weeks
(Fig.1). Following obtainment of written informed consent, study can-
didates completed an in-person screening visit consisting of a blood
draw, vital signs, anthropomorphic measurements, physical and neu-
rological examination, medical history and concomitant medication
reviews, cognitive screening assessments (Clinical Dementia Rating
(CDR) scale®® and Montreal Cognitive Assessment (MoCA)*') and
electrocardiogram (ECG). Following confirmation of study eligibility,
participants completed two baseline assessment visits consisting of
afasting blood draw and lumbar puncture (baseline visit 1) and assess-
ments of cognition, functional status and optional brain magnetic
resonance imaging (MRI; baseline visit 2). In response to the onset of
the COVID-19 pandemic, the protocol was modified to include confir-
mation of anegative real-time reverse transcriptase-polymerase chain
reaction test within 72 h of the first study drug administration, and
COVID-19 symptom and exposure screenings were conducted across
the study. The first study drug administration visit occurred within
3-10 d of the second baseline visit. Drugs were administered orally,
insix repeating 2-week cycles. Each cycle began with two consecutive
days of study drug, followed by a13- to 15-d study drug holiday. On the
firstday of each cycle, participants reported to the study site for safety
assessments and drug administration and dispensing. Approximately
80 to 150 min following the final study administration (cycle 6, day 2),
participants underwent afasting blood draw and lumbar puncture. The
assessment procedures administered at baseline visit 2 were repeated
within 3-10 d of the final study drug dose. D + Q were administered
under Investigational New Drug (IND) 143945-0006 (to N.M.).
Eligibility for the study included adults aged 65 years and over
with a diagnosis of AD based on the criteria for the National Institute
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Table 1] Eligibility criteria

Inclusion criteria

Exclusion criteria

Diagnosis of aMCl or early AD
defined by CDR Global 0.5-1

Body mass index >40kgm™

Ages 65years and older at
study entry

Chronic heart failure or QTc >450 ms

Elevated phosphorylated tau
in CSF or blood

MRI contraindications

FDA-approved medications
for AD (for example,
donepezil, rivastigmine and
galantamine) are permitted
if a stable dose has been
maintained for >3months
before study entry

Any significant neurologic disease other than
prodromal or early AD

Normal blood cell counts,
coagulation panel, liver
and renal function without
clinically significant
excursions

Current or history of alcohol or substance
abuse or dependence within the past 2years

Ability to provide written
consent or be accompanied
by a legally authorized
representative

Pregnancy

Availability of a study partner
who agrees to attend all
study visits and has at least
10h of contact with the
participant a week

Uncontrolled diabetes and/or hyperlipidemia

Absence of travel plans
that would interfere with
scheduling visits over the
12months of study duration

Poorly controlled BP (systolic BP>160,
diastolic BP>90 mmHg)

Must speak English fluently
and have >6years of formal
education

eGFR<10mlmin™1.73m™2

Myocardial infarction, angina, stroke or
transient ischemic attack in the past 6 months

Presence of significant liver disease with total
bilirubin >2x upper limit

Anticoagulants other than low dose aspirin

Medications that are sensitive to substrates
or substrates with a narrow therapeutic range
for CYP3A4, CYP2C8, CYP2C9 or CYP2D6 or
strong inhibitors or inducers of CYP3A4 if
they cannot be held for at least 2d before and
after each administration of the study drugs
or placebo

Current medications that induce cellular
senescence (that is, alkylating agents,
anthracyclines, platins and other
chemotherapy)

Active cancer treatment within the last year

aMClI, amnestic mild cognitive impairment; CDR, clinical dementia rating scale; BP, blood

pressure; CYP, cytochrome P; eGFR, estimated glomerular filtration rate; FDA, Food and Drug

Administration; HbA1lc, hemoglobin Alc; QTc, corrected QT interval. Eligibility criteria table

modified from ref. 29.

on Aging-Alzheimer’s Association® and a global CDR scale score of 1
(ref. 30). Anticholinesterase inhibitors and/or memantine use were
allowed following a minimum of a 3-month stabilization period. Full
eligibility criteriawere applied as described inref.29 and summarized
in Table 1. Study design figure was modified from ref. 29.

A total of 21 participants were screened over the phone, eight of
whom did not meet the eligibility criteria (Fig. 2). Thirteen participants
completed the in-person screening visit, and of those, seven were
screen failures and one withdrew prior to enrollment. Five participants

Phone screen (n = 21)

« Screen fail (n = 8)

o | person screen (n =13)

« Screen fail (n=7)
« Withdrawn (n =1)

e Treated (n =5)

e Study completers (n = 5) _—

Fig.2| CONSORT flow diagram. Participant allocation in the open-label pilot
study.

(aged 70-82 years, median 76; 40% female, based on self-report;
80% non-Hispanic White, 20% Hispanic) enrolled in the intervention
betweenMarch 6,2020, and April19,2021. Regarding the highest level
of educational attainment, two participants (40%) had high school
diplomas, one (20%) had some college and two participants (40%)
had college degrees or higher. Based on CSF assays conducted using
Lumipulse assays at baseline, all participants displayed biological
markers associated with AD* with CSF AB42 levels ranging from 295 to
647 pg ml™, total tau ranging from 385 to 917 pg ml™ and phosphoryl-
ated tau (pTau) 181 ranging from 62 to 147 pg ml™, meeting CSF criteria
for abiological diagnosis of AD. Demographic and clinical character-
istics of the sample are displayed in Table 2. The study was conducted
in adherence with the Guideline for Good Clinical Practice, and the
protocol was approved by the UT Health San Antonio Institutional
Review Board (IRB). All participants provided written informed con-
sent with appropriate legal representation for individuals lacking the
capacity to consent. We describe the results from the five participants
that completed the study at UT Health San Antonio.

Primary endpoints
Our primary objective was to measure CNS penetrance of D and Q.
Study drugs, 100 mg of D (one 100 mg capsule, Sprycel, Bristol Myers
Squibb) and 1,000 mg of Q (four 250 mg capsules, Thorne Research)
were administered orally. Fasting blood draw and lumbar puncture were
collected during baseline visit 1 (baseline) and within 80-150 min of
the administration of the final study drug dose (post-treatment: cycle
6,day 2). Baseline and post-treatment D and Q concentrations inblood
and CSF were quantified via high-performance liquid chromatography
(HPLC) with tandem mass spectrometry detection (MS/MS; HPLC/MS/
MS). D was not present in plasma or CSF before treatment (Fig. 3a,b).
After theintervention, D was detected in plasmain all five participants,
ranging from12.7 to 73.5 ng mI™.. In CSF, post-treatment D levels were
slightly above the limit of quantitation (LOQ = 0.2 ng mI™) in four of five
participants, ranging from 0.281to 0.536 ng ml™, and the fifth had no
detectable levels. In the four participants with detection of D in CSF,
the CSF to plasma ratio of D concentrations ranged from 0.421% to
0.919%. D metabolites were undetected in both plasma and CSF with
the exception of one post-treatment plasma specimen, 1.94 ng ml™
(LOQ=1.0ngml™).

Qisfoundinmany fruits and vegetables***. In plasmaat baseline,
three participants had no detectable Q levels and the other two had

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-023-02543-w

Table 2 | Baseline characteristics of study participants

Participant Sex Age Race and ethnicity Education MoCA
color code® (years) level

Blue Male 76 White, non-Hispanic 16 17
Green Female 78 White, non-Hispanic 18 15
Red Male 70 White, non-Hispanic 12 12
Purple Female 82 White, Hispanic 12 17
Black Male 74 White, non-Hispanic 14 20

All participants’ primary language, English. *Color code for Figs. 3 and 4 and Extended Data
Fig.1.

concentrations of .09 and 1.73 ng mI™ (LOQ = 1.0 ng ml™). However,
the two participants that had Q levels just above the LOQ at baseline
had Q concentrations of 26.3 and 13.3 ng ml ™ post-treatment. Follow-
ing treatment, Q was detected in plasma across participants, ranging
from 3.29 to 26.30 ng ml™ (Fig. 3c). Within CSF, Q was not detected
either before or after treatment across participants. Q metabolites
were detected only in two post-treatment plasmaspecimens, 2.92 and
3.80 ng ml™ (LOQ =1.0 ng ml™), and one post-treatment CSF sample,
1.23ngmI (LOQ=1.0 ng ml™).

Secondary endpoints

Secondary trial aims were as follows: (1) to examine baseline to
post-treatment changes in cognition and functional status; (2) to
assess changes in neuroimaging and biofluid markers of AD and related
dementias (ADRD) and (3) to evaluate target engagement of D + Q by
examining changes markers associated with cellular senescence and
the SASP.

Baseline to post-treatment changesinthe prespecified secondary
cognitive outcomes, MoCA and CDR sum of boxes (SOB), were not
significant (Extended Data Table1). There was a statistically significant
decrease in Hopkins Verbal Learning Test-Revised (HVLT-R) Immediate
Recall. All other cognitive tests, as well as questionnaires assessing
neuropsychiatricsymptomsand functional status, did not demonstrate
any significant changes. Paired t-tests of baseline versus post-treatment
MRIs revealed no significant differences in total brain volume, gray
matter or white matter density or right or left hippocampal volume,
indicative of stable brain morphology over the 3-month assessment
period (Extended Data Table 2).

ADRD biomarkers

Baseline and post-treatment levels of total tau, phosphorylated (p)
Taul81, AB40 and AB42 were measured in the CSF using the Lumipulse
platform. No statistically significant treatment changes were observed;
however, there was a trend (¢£(4) = 2.34, P=0.0795, 95% confidence
interval (Cl): -170.6 to 14.6) toward higher AB42 levels post-treatment
(Fig. 4a—f). We also used the Simoa® (Quanterix) platform to measure
pTau-181,AB40, AB42, glial fibrillary acidic protein (GFAP) and neurofila-
mentlight (NFL) biomarkersinboth blood and CSF, as well as pTau-231
in CSF only. Datarevealed astatistically significantincrease in CSF GFAP
levels post-treatment versus baseline (p=0.0285, Extended Data Fig. 1d).
Allof the other analytes remained stable (Extended DataFig.1a-c,e-k).

Markers of cellular senescence and SASP

The Mesoscale Discovery U-Plex Biomarker Group 1 (hu) 71-plex
panel (MesoScale Discovery) was used to measure interleukin
(IL)-6, a prespecified secondary outcome and additional cytokines
and chemokines in CSF and plasmareflective of the SASP. Applying the
unadjusted P < 0.05 cut-off, plasma levels of IL-17E, IL-21, IL-23, IL-17A/F,
IL-17D, IL-10, vascular endothelial growth factor (VEGF), IL-31, MCP-2,
macrophage inflammatory protein (MIP)-1p and MIP-1a decreased
from baseline to post-treatment, whereas YKL-40 levels increased.

In CSF, thymus- and activation-regulated chemokine (TARC), IL-17A,
I-TAC, eotaxin-2, eotaxin and MIP-1a levels decreased and IL-6 levels
increased from baseline to post-treatment (Extended Data Table 3).

Safety and adherence

A primary goal of this first study of senolytics inan AD population was
todeterminesafety and tolerability. Asindicated in the secondary out-
comes, we did not observe evidence of worsening of clinical phenotypes
in cognition or function. A total of six adverse events (AEs) occurred
during the course of the study, of which three (two mild: diarrhea and
emesis, urinary tractinfection; one moderate: hypoglycemia) occurred
following the start of the intervention. The two mild AEs were deemed
unlikely related to the study, and the one moderate AE, hypoglycemia,
was deemed possibly related to the intervention. Before the start of
theintervention, there was one moderate-severity AE (fall resultingin
hematoma) and two mild AEs (hematuria and diarrhea). All AEs fully
resolved within1-16 d. No serious AEs were observed.

There were no significant changes in body mass index (BMI;
baseline: 23.0 + 4.3 kg m™%; post-treatment: 22.7 + 4.2 kg m?2,
t(4)=-1.12, P=0.32,95% Cl: —0.77 to 0.33), systolic blood pressure
(baseline: 114.4 + 11.8 mmHg; post-treatment: 120.4 + 16.7 mmHg,
t(4)=0.56, P=0.61, 95% CI: -23.96 to 35.96) or diastolic blood pres-
sure (baseline: 63.8 +14.3 mmHg; post-treatment: 67.4 + 9.2 mmHg,
t(4)=0.96, P=0.39,95% Cl -6.77 t0 13.97). There was a statistically,
but not clinically, significant increase in total cholesterol from base-
line to post-treatment (baseline: 169.2 + 35.5 mg dI”’; post-treatment:
179.4 +40.0 mg dl™, t(4) =2.904, P= 0.044, 95% CI: 0.45-19.95). No
other significant changes in safety lab parameters were observed
(Supplementary Table1). All five participants who enrolled in the inter-
vention completed the trial with a100% study drug adherence rate.

Discussion

Cellular senescence has been associated with AD-associated neuro-
degenerationin human pathology studies and preclinical models® ",
Herein we present the results of the first in-human trial of senolytic
therapy for AD?. The primary aim of our open-label pilot study was
to evaluate the CNS penetrance of first-generation senolytics, D and
Q. Our results confirmed the presence of D in 4/5 participants’ CSF
following treatment. In addition, the intervention was well-tolerated
with no premature discontinuation and only three AEs occurring
following treatment initiation. Our study was not designed or powered
to detectefficacy. However, our preliminary data suggest the potential
ofbaseline to post-treatment changes in markers of cellular senescence
and ADRD, which will require further exploration and validation in
randomized placebo-controlled trials that are presently underway
(NCT04685590).

A primary challenge to conducting trials for AD and other neuro-
logical diseases is the determination of the appropriate drug dosing
as assessing pharmacokinetics in the CNS is highly invasive. In our
study, we selected the combination of D and Q as they are among the
best-characterized senolytic agents, target multiple SCAP pathways
and arerepurposed®”, expediting clinical testing. The doses and inter-
mittent scheduling regimen were selected based on prior research
demonstrating safety and early evidence of efficacy for other disease
indications®”. The intermittent dosing regimen was implemented
because senescent cells across organ systems, including the brain,
typically accumulate over a period of weeks, suggesting that drugs
do not continually need to be present to be effective®’. Intermittent
dosing further reduces potential toxicity. Our study design of in-clinic
administrations on the first day of each drug cycle enabled us to care-
fully monitor participant safety and was likely supportive of our 100%
study drug adherence rate.

Inplasma, D has beenshown to reach peak concentrations within
2 h of administration®; however, the absorption in the CNS is less
well established. Following oral ingestion of D in mice, a prior study
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Fig. 3| Concentration of D and Qin blood and cerebrospinal fluid before
and after oral administration of senolytics. a-c, Levels of Dand Qwere
quantified by HPLC/MS/MS. a, Baseline and post-treatment levels of D in plasma
(n=5).b,Baseline and post-treatment levels of D in CSF (n = 5). ¢, Baseline and

post-treatment levels of Q in plasma; Q was not detected in CSF at baseline or
post-treatment time points. d, Post-treatment D and Q levels in plasma and CSF
presented for each participant where applicable with sex and body weight.

reported D in brain homogenates using HPLC/MS at concentrations
that were 12- to 31-fold lower thanin plasma*®. Human cancer patients
with Philadelphia chromosome-positive leukemia are at risk of
CNS relapse; D, but not other tyrosine-kinase inhibitors used to treat
Philadelphiachromosome-positive leukemia (for example, imatinib),
has shown useful in managing intracranial leukemic disease. In pre-
clinical studies, D prevented intracranial tumor growth, stabilized and
regressed CNS disease indicating its action in the CNS*®, suggesting a
CNS treatment effect. However, HPLC/MS studies conducted in CSF
taken from D-treated individuals with CML or ALL have reported low
CSF concentrations and high variability across individuals®**. Inref. 37,
the study reported plasma and CSF concentrations of D among indi-
viduals with ALL -2 h after a single dose of 100 mg of D. Detectable D
levelsin CSF were only observed in16% of participants (4/25individuals)
with ranges between 0.23 ng ml™ and 0.68 ng ml™. In our study, we
observed a similar range of D concentrations in CSF. However, the
detectable levels were more readily observed in our population, occur-
ringin 80% (4/5individuals) of participants. More consistent CSF con-
centrations may have been observed inour study of individuals with AD
due to the disease’s impact on blood-brain barrier integrity®®. Future
pharmacokinetic studies will be helpful for informing on the optimal
dosing for desired CNS effects. However, our study demonstrated that
D penetrated the CNS and prior research in oncology has shown that
the medication can exhibit CNS efficacy atlow or even subnanomolar
concentrations®’.

In our study, Q was consistently measured in plasma across par-
ticipants. However, unlike D, Q was not detectable in CSF within our
sample. Inanimal model research, oraladministration of Q hasresulted
in detectable brain levels*® resulting in favorable outcomesincluding
reduced oxidative stress in the brain**?, suggesting a therapeutic
effect in the CNS. For example, in a preclinical study of rats that

ingested 213 mg of Q per day, Q was detectable in brain homogenates
(41.1 £11.11 pmol g, using HPLC-tandem mass spectrometry, pla-
teauing after 1 week of administration*. In culture, Q has been shown
to permeate primary brain microvessel endothelial cells and primary
astroglia cells®, suggesting blood-brain barrier penetrance. Inasheep
model, intragastric Qwas administered at a dose of 22.19 mg; continu-
ous monitoring of CSF through animplanted brain ventricle cannula
demonstrated detectable Q within 1 h of dosing. The highest levels
were observed at 5.5 h, C,,,,, = 0.30 = 0.1 nmol I* (-100-fold less than
that detected in matching plasma)**. If we extrapolate these results
to our study, we assayed Q at a timepoint where it should have been
detected in CSF, but the level would fall tenfold below the detection
limits of our assay. Given that Q is rapidly metabolized in the human
intestinal mucosa and liver and it has low bioavailability*’, ongoing
efforts are focused on improving the CNS permeability with the use
of nanoparticles and/or chemical modification*”. Further pharmaco-
kinetic studies of Q in humans are warranted.

Asthefirstin-human clinical trial of senolytic therapy for AD, our
study also provides important preliminary data on safety, tolerability
and feasibility. Throughout the study, a total of six AEs occurred, of
whichthree emerged after treatment initiation. Two of these AEs were
mild and highly common in the study population. Hypoglycemia was
observed in one participant. D has been associated with changes in
glucose regulation with reports of both hyperglycemia and hypogly-
cemia emerging**. 1t has been hypothesized that the responses may
differ depending on age, genetics and comorbidity burden*®. Without
larger sample sizes and a placebo group, we are unable to determine if
hypoglycemiaoccurred more frequently in the active treatmentarm.
Regular assessments of glucose levelsin future trials may be helpful for
further clarification. Clinical safety laboratories were generally stable
from baseline to post-treatment. Only one statistically significant
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t0 0.0072); f, pTau-181:A342, -0.0447 (-0.1328 to 0.0434). Baseline to post-
treatment changes were assessed using two-sided paired sample ¢-tests, P < 0.05.
Mean difference = post-treatment-baseline; 95% ClI, 95% Cl for the post versus
baseline mean difference. No correction for multiple comparisons was made due
to the small sample size (n=5).

change emerged, which was an increase in total cholesterol levels.
However, cholesterol levels remained in the normative range. A prior
retrospective study conducted inadults with CML and normal baseline
glucose and lipid levels suggested that D may cause mild increases in
glucose, triglycerides and low-density lipoprotein-cholesterol levels*.
In contrast to the typical treatment of CML, the intermittent dosing
approach used in this trial may have helped to attenuate metabolic
changes. In addition, the relatively low study drug penetrance in the
CSF may have contributed to the favorable safety profile.

Our study was not powered to examine target engagement,
but instead designed to collect exploratory data on baseline to
post-treatment changes in markers of cellular senescence and SASP
bothin CSF andblood. ChangeinIL-6 was a prespecified secondary out-
come. The analysesrevealed a statistically significant elevation of IL-6
in CSF after treatment. Plasma levels modestly increased but did not
reach statistical significance. The treatment-induced changes in IL-6
may reflect senescent cell apoptosis whereby IL-6 was directly released
from senescent cells upon their lysis; alternatively, apoptosis may have
initiated an immune response to clear the cellular debris. Recogniz-
ing that IL-6 is a pleiotropic cytokine, we simultaneously performed
abroader evaluation of cytokines and chemokines to better infer the
treatment effect. CSF analyses indicated baseline to post-treatment
decreases in adaptive immunity markers (such as TARC, IL-17A, I-TAC,
eotaxin and eotaxin-2) and chemokines (such as MIP-1a). A similar pat-
ternwas observed in plasmawhereby treatment was associated with a
decreasein adaptiveimmunity markers (such asIL-23, 1L-21, IL-17,IL-31
and VEGF ¥) and chemokines (such as MIP-1a. and MIP-1B). Given that
senescent cells secrete these molecules as SASP factors, the observed
reduction supports adecreaseinsenescent cellburden post-treatment.
Although the majority of markers displayed reductions from baseline
to post-treatment, there was variability. It is important to highlight
that none of the markers would have withstood multiple comparisons
correction, and the preliminary findings require further replicationin
studies designed to assess this endpoint.

As a secondary outcome, our study also evaluated key ADRD
biomarkers in both plasma and CSF at baseline and post-treatment.
There were no substantial changes in plasma biomarkers, which was
anticipated given the small sample size and short follow-up period.
In CSF, we observed a statistically significant increase in GFAP from
baseline to post-treatment. CSF GFAP is presumed to reflect reactive
astrogliosis*® and demonstrates elevations early in the neurodegene-
rative disease process*’. However, studies in preclinical models of
various CNS disorders have demonstrated reduced gliosis and neuro-
inflammation with senescent cell clearance, for example,®%17192550,
Furthermore, prior research conducted on postmortem brain tissue

from individuals with AD has identified senescent astrocytes'®, and
mouse models have demonstrated that they are cleared with senolytic
treatment®”. The increases observed in GFAP and IL-6 may reflect the
clearance of senescent astrocytes or possibly an acute inflammatory
response to treatment. Further confirmation would require additional
blood and CSF collections, weeks or months after the end of treatment,
to determine if increased GFAP and IL-6 were transient or sustained
responsesto senolytic treatment. Regarding tau, our preclinical trial of
D + Qreported 35% fewer insoluble NFTs in the treatment arm relative
to vehicle/placebo®, which may have reflected a reduction in tangle
formation and/or anincrease in tau clearance. In this trial, we did not
observe changesintotal tau, pTau-181 or pTau-231; however, the study
was not powered to assess these outcomes. Ongoing efforts by our
teamare focused on more comprehensive analyses of phospho-tauin
CSF and postmortem human brain tissue to identify if specific tauiso-
forms are associated with senescence. The results from the Lumipulse
assay, but not from the Simoa"” assay, showed atrend toward increased
post-treatment A342 levels. Given that CSF AB42 levels are higher in
cognitively normal individuals than in those with AD*, if our findings
are replicated in well-powered studies designed to assess efficacy,
they would potentially suggest beneficial disease modification with
senolytic treatment.

Consistent with AD trials, our study also acquired cognitive and
neuroimaging measures. Baseline to post-treatment changes were
not observed for our prespecified cognitive endpoints, the MoCA
and CDR SOB. The null findings are not surprising as our trial was not
designed to evaluate the efficacy and included small sample size and
short duration of treatment. Prior studies in AD suggest that study
durations of 18 months are required to observe a decline in placebo
groups’, providing a framework for trial lengths to assess efficacy. In
our exploratory assessment of the broader cognitive battery, baseline
to post-treatment performances were stable. There was a statistically
significant decrease on a verbal learning measure (HVLT-R); however,
withoutacontrol group, we are unable to compare the findings relative
to the natural neurodegenerative disease course. Regarding neuro-
imaging outcomes, there were no substantial changes in total brain
volume, hippocampal volume or gray matter or white matter density
from baseline to post-treatment. While our study was underpowered
and of insufficient duration to provide a comprehensive evaluation
of neuroimaging outcomes, we consider the absence of changes to
indicate a favorable safety profile of senolytic treatment. The data
further underscore the need for randomized clinical trials designed
to evaluate these metrics.

While our study provides the first report of senolytic treatment
inhumans with AD, there are several important limitations that must
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be considered. First, our study was designed to evaluate the CNS pen-
etrance of D and Q. Therefore, it was not powered to assess outcomes
related to target engagement, cognition or disease modification. The
short trial duration and lack of a placebo group place further restric-
tionsoninterpreting these outcomes. Another limitationis the lack of
established senescence and SASP markers related to AD. Prior studies
have reported that biomarkers of cellular senescence vary across cell
types and inducers®***. Therefore, further work is necessary to iden-
tify clinically meaningful markers of cellular senescence in AD across
specimen types and is under investigation. Our exploratory findings
provideinitial data on changes in biomarker levels following senolytic
treatment in older adults with AD, but validation and replication in
well-powered randomized controlled studies are critical for advancing
therapeutic discovery in the field.

In summary, we report findings from the first proof-of-concept,
Phase I, open-label clinical trial of senolytic therapy for AD. In align-
ment with our primary study aim, we identified support for the CNS
penetrance of D, although Q was not detectable in CSF. In our study,
the treatment was well-tolerated with excellent adherence to the study
drug regime. Although our study was not designed to evaluate the
efficacy, the data suggest the potential of treatment-related changes
inmarkers of cellular senescence and AD pathology. We conclude that
our vanguard study supports safety and tolerability of Dand Qin older
adultswith AD. The low CSF to plasmaratio of D and absence of Q in CSF
may support Phase Ib studies aimed at increasing Q bioavailability (for
example, reviewed*®) and D levels in the CNS; however, safety would
need further evaluation. Notably, clearing senescent cells in peripheral
tissues may also positively impact the brain®. Thus, results from the
ongoing D + Q placebo-controlled study (NCT04685590) will provide
critical insights into whether an increased dosing strategy is needed
to achieve disease modification with the new approach of targeting
cellular senescence in AD.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41591-023-02543-w.
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Methods

Safety and adherence

Vital signs, concomitant medications and AEs were reviewed at each
study visit. Safety laboratories, including complete blood count with
differentials and comprehensive metabolic panel with liver and lipid
panels,wereconductedatvisits1,4,5,6,8and9.Prothrombintime/partial
thromboplastin time/international normalized ratio was assessed at
visits1and 8, and hemoglobin Alc was evaluated at visits1and 9. ECG
was conducted at visits 1,4, 6, 8and 11. The study was monitored by an
independent data and safety monitoring board, which reviewed the
safety data on an annual basis. Adherence was assessed by the total
number of doses completed, counted by administrations in clinic,
home diary records and pill bottle review.

Cognitive and functional outcomes

The prespecified cognitive outcomes of interest were baseline to
post-treatment changes on the MoCA* and CDR SOB*°. Additional
cognitive assessments included the Wechsler Memory Scale Fourth
Edition Logical Memory®®, Benson Figure Test”, Trail Making Test
Parts A and B, Number Span Test”, Category Fluency*®, Phonemic
Fluency’®, Boston Naming Test” and the HVLT-R°. Neuropsychiatric
symptoms were assessed using the self-reported Geriatric Depression
Scale 15-item and informant-reported Neuropsychiatric Inventory®’.
Functional status was evaluated using the informant-reported Lawton
independent activities of daily living (IADL) form® and as part of
the CDR.

Brain MRI

Brain MRIwas conducted at the UTHSCSA Research Imaging Institute
on a 3-Tesla Siemens Trio scanner. The imaging protocol consisted
of alocalizer scan, a high-resolution three-dimensional T1-weighted
structural series scan, a T2-weighted fluid attentioninversion recovery
scan, a diffusion-weighted scan and a gradient echo scan. Baseline
and post-treatment structural scans were spatially coregistered using
rigid-body registration using Multi-Atlas Region Segmentation Utilizing
Ensembles software (https://ipp.cbica.upenn.edu/), followed by
nonlinear registration and multi-atlas-based neuroanatomic parcella-
tion®**, to quantify total brainand hippocampal volume and gray and
white matter density normalized to intracerebroventricular volume
from four of the five study participants.

Blood draws and lumbar punctures

Blood plasma and CSF samples for research purposes were collected
according to established procedures®. Briefly, blood was collected
under fasting conditions via venipuncture in a plasma EDTA vacu-
tainer tube (BD), inverted 5-10 times and centrifuged at 2,000g for
10 min at room temperature. Plasma was aliquoted and stored at
-80 °C within 2 h of collection. CSF was also collected under fasting
conditions using a 24-gauge atraumatic Sprotte spinal needle under
gravity flow (Teleflex). CSF was collected into a sterile polypropylene
tube (Rose Scientific), which was centrifuged at 2,000g for 10 min at
roomtemperature. CSF was aliquoted and stored at —-80 °Cwithin2 h
of collection.

Assays

Drug concentrations. Baseline and post-treatment D and Q concentra-
tions in blood and CSF were quantified via HPLC/MS/MS at the UTH-
SCSABiological Psychiatry Analytical Laboratory. Analytical solutions
were prepared with Milli-Q Plus water (Millipore Sigma, EMD Millipore).
D and Q analytical standards were obtained from Sigma-Aldrich. Their
metabolites (D n-oxide and 4-o-methyl Q) and internal standards were
obtained from Cayman (Cayman Chemical). All other chemicals were
HPLC analytical grade and purchased from Thermo Fisher Scientific.
TandemmassspectrometrywasperformedusingaShimadzu8045 Triple
Quadrupole mass spectrometer (Shimadzu Scientific Instruments).

The lower limit of detection was estimated to be 0.3 ng ml™ for D, Q
and their metabolites in plasma and CSF, except for D in CSF, which
was estimated to be 0.025 ng ml™. The lower LOQ for D, Q and their
metabolites was estimated tobe 1.0 ng ml™, except for D in CSF, which
was estimated tobe 0.2 ngml™.

Markers of cellular senescence and SASP. The Mesoscale Discovery
U-Plex Biomarker Group 1 (hu) 71-plex panel (MesoScale Discovery)
was used to assay CSF and plasma. Samples were diluted and measured
in duplicate, as per the manufacturer’s protocol. A MESO QuickPlex
SQ 120MM instrument was used to measure the concentration of
each marker.

ADRD biomarkers. A Simoa“A HD-X analyzer (Quanterix) was used
to measure pTau-181 (Simoa® pTau-181 Advantage V2 kit; Quanterix),
AB40, AB42, GFAP and NFL (Simoa® Neuro 4-Plex E Advantage kit;
Quanterix) concentrations in plasma and CSF. The Simoa” pTau-231
Advantage kit (Quanterix) was used to measure pTau-231 concentration
in CSF. Before loading the samples onto the Simoa® analyzer, plasma
and CSF samples were clarified by centrifugationat 14,000g for 10 min.
All samples were run in duplicate. In addition, a Fujirebio G1200 was
used to measure total tau (Lumipulse G total tau), pTau-181 (Lumipulse
G pTau-181), AB40 (Lumipulse G B-amyloid 1-40) and AB42 (Lumipulse
G B-amyloid 1-42) as per the manufacturer’s protocol.

Statistical analysis

Datawere collected using REDCap (https://www.project-redcap.org).
Descriptive analyses were performed on baseline demographic and
broader sample characteristics. Baseline to post-treatment changes
in safety labs, vitals and BMI, cognitive and functional assessments,
neuroimaging outcomes and biofluid markers were assessed using
paired sample ¢-tests. All analyses were performed using SPSS version
28.0. Statistical tests were two-sided, and statistical significance was
setat P< 0.05. Giventhe exploratory nature of the pilot study, Pvalues
were not corrected for multiple comparisons unless otherwise noted
inthe text.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The minimum datasets necessary to interpret, verify and extend the
research in the article are available within the paper and its Supple-
mentary Information. The trial was registered on ClinicalTrials.gov:
NCT04063124 and the full study protocol was published”.
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Extended Data Fig.1| Baseline and Post-Treatment ADRD Plasmaand
Cerebrospinal Fluid Biomarkers Assessed Using the Simoa” Quanterix HD-X
Analyzer. Baseline and post-treatment values for each analyte color-coded by
participantaslisted in Table 2. Mean [95% CI]: CSF (a) pTau-181,-12.04 [-34.01
t09.930]; (b) pTau-231, -1.304 [-25.19 t0 22.58]; (c) NfL,-23.20 [-695.6 t0 649.2];
(d) GFAP,2560[440.9t04679]; (e) AB40,148.9 [-1359 t0 1656]; (f) AR42,-3.110
[-96.96 t0 90.74]. Plasma, mean [95% Cl]: (g) pTau-181,-0.0042 [-0.8779 to

0.8695]; (h) NfL, -1.774 [-9.567 t0 6.019]; (i) GFAP, 24.29 [-42.74 to 91.32]; (§)
AB40,-0.6714 [-13.04 t0 11.69]; (k) AB42,-0.1080 [-0.6495 to 0.4335]. Baseline
to post-treatment values were assessed using two-sided paired sample t-tests,
p <0.05.95% CI: 95 percent confidence interval for the post vs baseline mean
difference. No correction for multiple comparisons was made due to small
sample size (N = 5). CSF: Cerebrospinal fluid.
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Extended Data Table 1| Baseline and post-treatment cognitive and functional status assessments

Cognitive Test Baseline Mean | Post-Treatment T-test(df), p-value,
(SD) Mean (SD) 95% CI

MoCA 116.2 (2.9) 16.0 (2.5) | t(4)=-0.196, p=0.85,
-3.031 - 2.63

CDR Sum of Boxes 5.30 (2.2) 5.60 (2.0) t(4)=2.449, p=0.070,
-0.04 - 0.64

HVLT-R Immediate 13.80 (4.4) 10.20 (4.6) t(4)=-3.674, p=0.021",

Total Recall -6.32 - -0.88

HVLT-R Delayed 0.60 (0.9) 0.40 (0.9) t(4)=-1.000, p=0.37,

Recall 0.76 - 0.36

WMS Logical Memory | 12.6 (6.5) 13.2(1.9) t(4)=0.220, p=0.84,

Immediate Recall -6.98 - 8.18

WMS Logical Memory | 14.2 (2.2) 12.0 (2.8) t(4)=-1.633, p=0.18,

Delayed Recall -2.16 - 0.56

Benson Figure Copy  8.60 (6.2) 14.6 (2.5) t(4)=2.390, p=0.075,
-0.97 - 12.97

Benson Figure 0.80 (1.5) 2.50 (3.1) t(4)=2.049, p=0.13,

Delayed Recall -0.97 - 4.47

Number Span Forward = 6.40 (1.8) 6.80 (1.6) t(4)=0.784, p=0.48,
-1.02 - 1.82

Number Span 4.60 (1.7) 4.80 (1.3) 1(4)=0.343, p=0.75;

Backward -1.42 - 1.82

Baseline to post-treatment changes were assessed using paired samples t-tests, 95% Cl: 95 percent confidence interval for the post vs. baseline mean difference, p <0.05. MoCA = Montreal
Cognitive Assessment, CDR = Clinical Dementia Rating scale, HVLT-R = Hopkins Verbal Learning Test Revised, WMS = Wechsler Memory Scales, Trails = Trail Making Test, IADL = Independent
Activities of Daily Living, ADL = Activities of Daily Living, GDS-15 = Geriatric Depression Scale 15-Item, NPI = Neuropsychiatric Inventory.

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-023-02543-w

Extended Data Table 2 | Baseline and post-treatment neuroimaging outcomes

Brain Region Baseline Mean (SD) Post-Treatment T-test(df), p-value,
(voxels) Mean (SD) 95% CI
Intracerebroventricular | 1393962.33 1393461.27 t(3)=0.150, p=0.89,
Volume (ICV) (151287.55) (149379.55) -11126 - 10124
Total Brain 0.856 (0.005) 0.851 (0.009) t(3)=1.732, p=0.18,
Volume/ICV -0.015 - 0.0042
Grey Matter 0.359 (0.021) 0.359 (0.015) 1(3)=0.522, p=0.64,
Volume/ICV -0.018 - 0.013

White Matter | 0.452 (0.006) | 0.446 (0.009) t(3)=1.192, p=0.32,
Volume/ICV -0.028 - 0.013

Right Hippocampus | 0.002 (0.00016) 1 0.0002 (0.00013) | t(3)=0.472, p=0.67,
Volume/ICV -0.00012 - 0.000087
Left Hippocampus 0.002 (0.00008) 0.002 (0.00012) t(3)=0.313, p=0.77,
Volume/ICV -0.000084 — 0.000069

Baseline to post-treatment changes were assessed using two-sided paired samples t-tests, 95%

Cl: 95 percent confidence interval for the post vs. pre mean difference, p<0.05. No correction for

multiple comparisons was made due to small sample size (N=4). Brain regions normalized to

intracerebroventricular volume (IVC) measured in voxels.

Baseline to post-treatment changes were assessed using two-sided paired sample t-tests, 95% Cl: 95 percent confidence interval for the post vs. baseline mean difference, p<0.05. No
correction for multiple comparisons was made due to small sample size (N=4). Brain regions normalized to intracerebroventricular volume (IVC) measured in voxels.
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Extended Data Table 3 | Significantly differentially expressed proteins in plasma and cerebrospinal fluid from baseline to

post-treatment

Protein Baseline Post-Treatment | Fold Change @ T-test(df), p-value,
(pg/mL) Mean (SD) Mean (SD) 95% CI
Plasma

t(4)= 1.651, p=0.145,
*IL6 1.30 (0.54) 1.58 (0.81) 1.22

-0.117 - 0.681

t(4)= -5.216, p=0.0014,
IL-17E 25.2(20.3) 17.0 (14.5) 0.67

-16.01 - -0.459

t(4)=-4.714, p=0.002,
IL-21 166 (96.7) 102 (72.1) 0.62

-115.5 - -12.08

t(4)=-4.345, p=0.003,
IL-23 53.4 (29.5) 34.0 (25.4) 0.64

-28.65 -~ -10.20

t(4)=-3.870, p=0.007,
IL-17AF 35.4(12.8) 23.1(12.7) 0.65

-17.44 - 0.035

t(4)=-3.384, p=0.013,
IL-17D 67.7 (25.5) 49.0 (17.9) 0.72

-34.61 - -2.779

t(4)=-3.347, p=0.013,
IL-10 0.31(1.0) 0.21 (0.20) 0.66

-0.267 - 0.058

t(4)=-3.238, p=0.015,
VEGF 20.8 (6.0) 12.5 (3.4) 0.60

-17.56 - 0.920

58047 t(4)=3.017, p=0.020,
YKL-40 105444 (127256) | 1.82
(60143) -37066 ~ 131861

t(4)=-2.914, p=0.024,
IL-31 67.5(27.9) 54.8 (28.9) 0.81

-20.60 - -4.701

Differential expression analysis was carried out by the moderated t-test, 95% Cl: 95 percent confidence interval for the post vs. baseline mean difference, p<0.05. No correction for multiple
comparisons was made due to small sample size (N=5). *: Prespecified secondary outcome. IL = interleukin, MIP = Macrophage Inflammatory Protein, G-CSF = Granulocyte Colony-Stimulating
Factor, TRAIL = Tumor Necrosis Factor Related Apoptosis-Inducing Ligand, TARC = Thymus- and Activation-Regulated Chemokine.
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Reporting on sex and gender Sex is reported for each study participant. Due to the small sample size data was not stratified by sex.

Population characteristics Mean age: 76+4.5 years; 40% Female, 80% Non-Hispanic White, 20% Hispanic; mean education: 14+2.6 years; mean baseline
MoCA=16.2+2.9

Recruitment Participants were recruited from outpatient clinics at UT Health San Antonio, as well as from fliers and advertisements. The
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generalize to other disase stages.

Ethics oversight Our study was approved and monitored by the UT Health San Antonio institutional review board.
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80% power to detect (alpha=0.05) mean differences of 1.8 SDs.

Data exclusions  No data were excluded
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Randomization  This an open-label study so randomization did not apply
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Validation

Clinical data

The assays are field standards and have been validated among multiple laboratories.

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

Study protocol

Data collection

Outcomes

NCT04063124

The study protocol was published: Gonzales MM et al. (2022). The Journal of Prevention of Alzheimer's Disease. DOI: 10.14283/
jpad.2021.62

Data was collected at UT Health San Antonio from 2/14/2020 to 12/20/2021

Primary:

Brain Penetrance of Dasatinib (D) and Quercetin [ Time Frame: Change from O to 12 weeks ]

Cerebrospinal Fluid (CSF) collected by lumbar puncture before and after 12 weeks of treatment to determine levels of drug that
reach the central nervous system were measured by high performance liquid chromatography/mass spectrometry (HPLC/MS)

Secondary trial aims:
1) examine pre- to post-treatment changes in cognition and functional status; Time Frame: Change from 0 to 12 weeks ] on the
MoCA; CDR Sum of Boxes as primary; those below as secondary
Hopkins Verbal Learning Test — Revised (HVLT-R)
WMS Logical Memory
Benson Figure
Number Span Test
Trail Making Test Parts A&B
Phonemic Fluency
Semantic Fluency
Geriatric Depression Scale — 15-item
Questionnaires (Lawton ADL/IADL, Neuropsychiatric Inventory)

2) assess changes in neuroimaging and biofluid markers of AD and related dementias (ADRD); Time Frame: Change from O to 12
weeks ] on MRI total and hippocampal and white matter volumetry; the SIMOA Quanterix platform was used to measure pTau-181,
AB40, AB42, glial fibrillary acidic protein (GFAP), and neurofilament light (NFL) biomarkers in both blood and CSF, and an additional
pTau 231 in CSF only; total and phosphorylated (p)Tau-181, AB40 and AR42 were measured in the CSF using the Lumipulse platform

3) evaluate target engagement of D+Q by examining changes markers associated with cellular senescence and the SASP. Time
Frame: Change from O to 12 weeks ] Measured using the Mesoscale Discovery U-Plex Biomarker Group 1 (hu) 71-plex panel
(MesoScale Discovery, Natickm MA) in blood and CSF

Magnetic resonance imaging

Experimental design
Design type

Design specifications

Pre- and post-treatment changes

Non-invasive

Behavioral performance measures  N/A

Acquisition
Imaging type(s)

Field strength

Structural imaging

3-Telsa

Sequence & imaging parameters 3D T1-weighted structural series (TR/TE1/TE2/TE3/TE4/TI=2530/1.64/3.5/5.36/7.22/1200ms), T2-weighted fluid-

Area of acquisition

attenuated inversion recovery

(TR/TE/T1=6000/427/2000ms), diffusion-weighted (TR/TE=9800/84ms; Flip=902) and a gradient echo (TR/TE1/TE2/TE3/
TE4/TES/TE6=27/

4.31/8.28/12.22/16.16/20.1/24.04ms; Flip=259).

Whole brain

Diffusion MRI [ ] used X] Not used
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Preprocessing

Preprocessing software MUlti-atlas region Segmentation utilizing Ensembles (MUSE)

Normalization Structural scans were spatially coregistered using rigid-body registration, followed by nonlinear registration and
multi-atlas based neuroanatomic parcellation.

Normalization template Neuromorphometrics atlas
Noise and artifact removal N/A
Volume censoring N/A

Statistical modeling & inference

Model type and settings Statistical test were 2-sided and statistical significance was set at p<0.05.

Effect(s) tested Baseline to post-treatment changes in total brain and hippocampal volume and grey and white matter density
normalized to intracerebroventricular volume (ICV)were tested.

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

Anatomical location(s) A priori based on regions most impacted in AD

Statistic type for inference Paired t-test

(See Eklund et al. 2016)

Correction Data was not corrected for multiple comparisons
Models & analysis

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

IZ |:| Graph analysis

|:| Multivariate modeling or predictive analysis
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