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Tau plays akey role in Alzheimer’s disease (AD) pathophysiology, and
accumulating evidence suggests that lowering tau may reduce this
pathology. We sought to inhibit MAPT expression with a tau-targeting
antisense oligonucleotide (MAPT;,) and reduce tau levels in patients

with mild AD. A randomized, double-blind, placebo-controlled,
multiple-ascending dose phase 1b trial evaluated the safety, pharmacok-
inetics and target engagement of MAPT,,. Four ascending dose cohorts

were enrolled sequentially and randomized 3:1to intrathecal bolus
administrations of MAPT, or placebo every 4 or 12 weeks during the 13-week
treatment period, followed by a 23 week post-treatment period. The primary
endpoint was safety. The secondary endpoint was MAPT,, pharmacokinetics
in cerebrospinal fluid (CSF). The prespecified key exploratory outcome was
CSF total-tau protein concentration. Forty-six patients enrolled in the trial,
of whom 34 were randomized to MAPTg, and 12 to placebo. Adverse events
werereported in 94% of MAPT,-treated patients and 75% of placebo-treated
patients; all were mild or moderate. No serious adverse events were reported
in MAPT,,-treated patients. Dose-dependent reductionin the CSF total-tau
concentration was observed with greater than 50% mean reduction from
baseline at 24 weeks post-last dose in the 60 mg (four doses) and 115 mg (two
doses) MAPT,, groups. Clinicaltrials.gov registration number: NCT03186989.

Alzheimer’s disease (AD) is a progressive neurodegenerative disor-  before the appearance of subtle cognitive changes, known as mild
der characterized by cognitive and functional decline resultingin  cognitive impairment (MCI). The eventual progression to dementia
substantial disability’. Onset of pathology is marked by progression  occurs over a variable period of time and is characterized by cogni-
of neuroimaging and fluid biomarker measures (preclinical phase) tive and behavioral symptoms that impair an individual’s ability to

A full list of affiliations appears at the end of the paper. < e-mail: c.mummery@ucl.ac.uk

Nature Medicine


http://www.nature.com/naturemedicine
https://doi.org/10.1038/s41591-023-02326-3
http://orcid.org/0000-0002-6739-0803
http://orcid.org/0000-0002-7309-1113
http://orcid.org/0000-0001-6369-0764
http://orcid.org/0000-0001-6430-6576
http://orcid.org/0000-0003-2074-5862
https://clinicaltrials.gov/ct2/show/NCT03186989
http://crossmark.crossref.org/dialog/?doi=10.1038/s41591-023-02326-3&domain=pdf
mailto:c.mummery@ucl.ac.uk

Article

https://doi.org/10.1038/s41591-023-02326-3

function in daily life’. Symptom onset typically occursin patients aged
65 years and older, while symptom onset before age 65 accounts for
less than 5% of all patients with AD?. Historically, diagnosis of AD has
been primarily focused on clinical criteria*, but accumulating evi-
dence has demonstrated that cerebrospinal fluid (CSF) biomarkers,
including amyloid-3 42 (AB42) and tau (total tau (t-tau) and phos-
phorylated taul81 (p-taul81)) as well as positron emission tomogra-
phy (PET)-amyloid and PET-tau, are reliable surrogate measures of
neuropathologic change enabling more robust characterization of
patients across the AD continuum®”’. For most patients with AD, treat-
ment remains limited to multidisciplinary management of symptoms,
including pharmacological therapies that have no disease-modifying
impact. The recent US Food and Drug Administration accelerated
approvals of aducanumab and lecanemab provide the first treatment
targeting a key disease mechanismin AD, the accumulation of amyloid
plaques, for patients with MCI or mild AD. There are over 50 million
people worldwide currently living with dementiamostly due to AD, and
this number is expected to double every 20 years®; therefore, additional
disease-modifying treatments to prevent or slow progression of this
disease remain a significant unmet need.

Growing evidence suggests that aggregated, hyperphosphoryl-
ated tau may be akey driver of neurodegeneration in AD. Tau protein
isencoded by the microtubule-associated protein tau (MAPT) gene and
is amicrotubule-associated protein primarily expressed in neurons’.
Under pathogenic conditions, hyperphosphorylated tau accumulates
intracellularly, aggregating into oligomers and fibrils resulting in
intraneuronal neurofibrillary tangles, and is associated with cognitive
declinein AD'*". Tauis also secreted from neurons, spreading through
specific neural networks via a trans-synaptic route causing propagation
of tau pathology that is associated with further synaptic dysfunction
and neuronal loss™* . Preclinical evidence has demonstrated that
tau reduction prevents specific AB-mediated deficits, supporting a
central role of tau in mediating Ap toxicity in the early pathogenesis
of AD. Intracerebroventricularinjection of purified A oligomersinto
adult rodents has been shown to impair long-term potentiation, and
this impairment of long-term potentiation in hippocampal slices of
wild-type mice is prevented in tau knockout mice'®”. Evidence from
amyloid precursor protein (APP) mouse models of AD have shown
that both hetero- and homozygote tau deficiency rescued premature
mortality and prevented memory deficits in transgenic mice express-
ing familial AD mutations in human APP (hAPP), which appeared to be
conferred by reduced susceptibility to excitotoxicity in tau knockout
mice’®”. Inaddition, knocking out tau rescued memory impairments,
loss of synapses and premature death in hAPP mice expressing human
mutant PS1(ref.20). Giventheimportant role of tauin AD pathophysiol-
ogy and the accumulating evidence that lowering tau may reduce this
pathological effect, we sought to inhibit MAPT expression and thus
reducetaulevels, directly targeting akey disease effector mechanism
in patients with AD.

MAPT,, (ISIS 814907/BIIB080) is an antisense oligonucleotide
(ASO) designed to reduce concentrations of MAPT messenger RNA.
MAPT,, is a chemically modified synthetic oligomer that is comple-
mentary toan18-nucleotide stretch of MAPT pre-mRNA. MAPT, binds
within intron 9 of the MAPT pre-mRNA through Watson-Crick base
pairing, with hybridization resulting in endogenous ribonuclease
Hl-mediated degradation of the MAPT mRNA, inhibiting translation
of the tau protein. ASO-mediated selective reduction of MAPT mRNA
leads to lowered tau protein levels and sustained amelioration of
disease-associated phenotypesin transgenic animal models of tauopa-
thy and hyperexcitability” . For example, MAPT mRNA-targeting ASOs
in amouse model of tauopathy resulted in a 50% reduction of endog-
enousintracellular tau, reduced cell-to-cell spread of oligomerized tau,
markedly reduced neuronal and cognitive impairments and was not
associated with adverse consequences®. Knockdown of tau in animal
models and primary neurons did not impair microtubule assembly,

axonal transport or sensory, motor or cognitive behavior tasks*>**,

Moreover, complete tau knockout mice had normal development
and cognition with only aminor motor phenotype developinglaterin
life”>°. These data mitigate potential safety concerns of lowering tau
asatherapeutic approach for AD and other tauopathies.

Inthis study, we aimed to evaluate the safety and pharmacokinet-
ics (PK) of MAPT, in patients with mild AD and explore the hypothesis
that precisely targeted degradation of MAPTmRNA usingan ASO would
resultinlowering of t-tau and phosphorylated tau (p-tau) levelsin the
central nervous system (CNS). We report the results of afirst-in-human
phase 1b clinical trial evaluating a tau-targeting ASO administered
intrathecally as abolus in adults with mild AD.

Results

Patients

From August 2017 through February 2020, 102 participants were
screened for eligibility and 46 underwent randomization according to
the protocol (Fig.1). All participants received all scheduled doses of the
study drug (MAPT, or placebo) during multiple ascending dose (MAD)
part1. Three participants (6.5%) voluntarily withdrew from the study
during the post-treatment period: one each from the placebo, 60 mg
MAPT, cohort (four total doses administered monthly) and 115 mg
MAPT,, cohort (two total doses administered quarterly). Participants
completing MAD part 1 were eligible to participate in the open-label
long-termextension (LTE) part 2. Participants randomized to10 mgor
30 mg MAPT,, (four total doses administered monthly) cohorts expe-
rienced a variable gap between completion of the 13 week treatment
period of the MAD in part 1and day 1 of LTE part 2 since the protocol
was amended to add the LTE after participants in these cohorts had
begun the study. Transition to LTE part 2 was seamless after a23 week
post-treatment period for participants in the 60 mg and 115 mg
MAPT, cohorts.

The characteristics of participants at baseline were representative
of relatively younger (mean age of 66 yearsinboth placebo and MAPT,
groups) patients with mild AD and were generally similar across trial
groups (Table1). MAPT,, groups and placebo group had similarly ele-
vated CSF levels of mean t-tau (405.6 +132.7and 387.3 £120.9 pg ml ™,
respectively) and p-taul81(40.7 + 14.2and 38.7 £ 13.0 pg ml ™, respec-
tively) concentrations at baseline. The mean Clinical Dementia Rating
(CDR) Sum of Boxes score at baseline was numerically lower for MAPT,
60 mgand 115 mgtreatment groups due to an amendment during the
study, which allowed inclusion of participants witha CDR Global Score
of 0.5 and Memory Score of 1in addition to participants with a CDR
Global Score of 1.0.

Primary endpoint of safety

Adverse events (AEs) were reported in 94% of participants treated
with MAPT,, and 75% of participants treated with placebo; all events
were considered mild (88%) or moderate (12%) in severity by investiga-
tors (Table 2; for AEincidence and frequency by treatment group, see
Extended Data Table1). Agreater percentage of participants receiving
MAPT,, experienced mild AEs compared with those receiving placebo;
the incidence of moderate AEs was similar.

The most reported AE in participants treated with MAPT, was
post-lumbar puncture (LP) headache, which was generally considered
mild (V=13); two participants reported post-LP headache considered
moderate. Post-LP headache considered potentially related to study
procedure occurred after 20% of LPs. There was no evidence of an
increased risk of post-LP headache with successive LPs. All post-LP
headaches resolved (median duration, <1 day), and no blood patches
were required to resolve.

AEs considered potentially related to study drug by Investigators
werereportedin15 participants (44%) treated with MAPT,, and no par-
ticipants treated with placebo. Investigators were blinded to treatment
assignment. Most participants (80%) with AEs considered potentially
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Fig.1| Trial design and patient flow diagram. a, Dosing and CSF sample
collection for MAD part 1. CSF samples were obtained before the administration
of study drug on days 1,29, 57 and 85 for cohort A (10 mg MAPT, or placebo
monthly), cohort B (30 mg MAPT, or placebo monthly) and cohort C (60 mg
MAPT,, or placebo monthly) and on days1and 85 for cohort D (115 mg MAPT, or
placebo quarterly). The results of CSF samples obtained during screening and on

day1(baseline) were averaged to serve as the baseline assessment, and the CSF
samples on days 29, 57 and 85 served as 28 day, 56 day or 84 day post-dose trough
samples. Two CSF samples were obtained in the post-treatment period, on either
day 113 or day 141 for cohorts A and B and day 141 and day 197 for cohorts Cand D.
b, Patient flow during MAD part 1. Eligible patients were randomly assignedina
3:1ratiotoreceive the ASO MAPT, or placeboinall cohorts.

related to study drug experienced mild AEs. Safety magnetic resonance
imaging (MRI) was performed 6 months post-baseline, and no clinically
meaningful changes were observed on qualitative neuroradiological
review. There were no deaths, dose-limiting AEs or discontinuations
of dosing regimens during the trial. One participant experienced a
delay of approximately 2 months in study drug administration due to
coronavirus disease 2019 restrictions.

Two serious AEs occurred in two participants receiving pla-
cebo: hospitalization due to diverticulitis and an emergency room
visit due to a minor stroke from which both participants recovered.
Neither suicidal behavior nor serious suicidal ideation emerged in
any participant during the trial. A mildly increased CSF leukocyte
count (26-28 cells mm=3, >90% lymphocytes) without any associated
symptoms was observed in one participant, a 64-year-old female,
16 weeks after administration of the second MAPT, 115 mg dose; MRI
with contrast and electroencephalographic results were normal. The
participant did not transition to the LTE, but follow-up safety MRl and
CSF collection performed post-MAD part1completionshowed that the
pleocytosis had completely resolved (5 months after initial finding).

Two participants receiving quarterly 115 mg MAPT,, experienced mild
confusional state and restlessness 1-2 days after their first and second
doses, whichresolved within 2-4 days of onset. Both participantshad a
medical history of anxiety and were treated with psychotropic medica-
tions before their enrollment in the study.

Secondary endpoint

MAPT,, was measurable in the CSF in all participants receiving
MAPT,, (Fig. 2a). Pre-dose or trough concentrations increased from
the 10 mg monthly dose to those observed at the 30 mg and 60 mg
monthly doses. Similar trough CSF concentrations were observed
after the 30 and 60 mg monthly doses. It is unclear why there is no
apparent difference in MAPT, CSF trough concentration between
the 30 mg and 60 mg MAPT,, groups. Only six participants in each
group received 30 mg or 60 mg MAPT,, and CSF is not a well-mixed
compartment with variable results observed previously”. The lowest
mean trough CSF concentrations observed after theinitial 115 mg quar-
terly dose were expected considering the longer time for elimination
between MAPT,, doses and sample collection (84 days versus 28 days).
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Table 1| Characteristics of patients at baseline®

Placebo MAPT,,
Characteristic (N=12) MAPT,, groups 10mg monthly 30mg monthly 60mg monthly 115mg quarterly
(N=34) (N=6) (N=6) Q4W (N=9) (N=13)
Age, years 66+4.6 66+6.1 64+5.2 65+6.1 66+6.8 67+6.3
Age at diagnosis, years 65+4.6 64+6.4 62+5.2 64+6.9 64+6.6 65+6.9
Female, no. (%) 6 (50) 17 (50) 2(33) 4(67) 5(56) 6 (46)
Race—white, no. (%) 12 (100) 34 (100) 6 (100) 6 (100) 9 (100) 13 (100)
MMSE Total Score 24.2+1.7 23.5+2.4 21.5+1.6 245+14 246+2.5 23.2+2.5
RBANS Total Score 64.9+10.2 68.2+12.1 58.8+11.2 69.2+121 69.9+£91 70.9+13.4
CDR Global Score, no. (%)

0.5 7(58) 23(68) 0(0) 3(50) 9 (100) 11(85)

1 5(42) 11(32) 6 (100) 3(50) 0(0) 2(15)
CDR Sum of Boxes 41+1.3 3711 4.8+0.5 47+1.0 2.9+0.6 3.3+11
Concomitant medications, no. (%)

Anticholinesterases 7 (58) 21(62) 4(67) 5(83) 4 (44) 8(62)

Memantine 1(8) 7(21) 2(33) 0(0) 3(33) 2(15)

Estrogen replacement 0(0) 3(9) 1(17) 0(0) 1(11) 1(8)

APOEA4 carrier (%) 8(67) 25 (74) 5(83) 3(50) 6 (67) 11(85)

Homozygous 2(16.7) 8(23.5) 2(33.3) 0(0) 3(33.3) 3(231)

Heterozygous 6(50) 17 (50) 3(50) 3(50) 3(33.3) 8(61.5)

CSF t-tau (\pgml™) 387.3+120.9 405.6+132.7 364.6+98.1 386.4+£152.3 391.0£111.8 443.4+153.8

p-tau181 (pgml™) 38.7+13.0 40.7+14.2 39.1+13.0 38.6+16.6 39.5+12.6 43.2+15.9

t-tau/AB42 0.6+0.2 0.6+0.2 0.6+0.2 0.6+0.1 0.5+01 0.6+0.2

#Plus-minus values are mean+standard deviation. Patients were assigned to receive either placebo or ascending doses of the ASO MAPT,,. Percentages may not total 100 because of rounding.
RBANS, Repeatable Battery for the Assessment of Neuropsychological Status; APOE4, apolipoprotein epsilon 4.

Mean trough MAPT,, concentrations in CSF generally increased dur-
ing the treatment period in all dose groups probably due to the slow
clearance and long elimination half-life of MAPT, relative to the dosing
interval. Theincrease over time was less in the 115 mg quarterly cohort
compared with the cohorts dosed every month.

Exploratory endpoints

Plasma concentrations of MAPT,. The median peak plasma con-
centrations of MAPT,, were achieved within 4 h after intrathecal (IT)
administrationand declined to less than 30% of the peak concentration
by 24 h after administration. The concentration of MAPT, in plasma
increased approximately proportionally to the dose over the explored
doserange (Fig.2b). There was no evidence of accumulation of concen-
trationin plasma24 h after dose administration over the course of the
trial, and there was aminor increase (<20%) in the peak concentration
atthe115 mgdose level.

Concentration of t-tau in CSF. In participants receiving MAPT,,
there were dose-dependent decreases in the concentration of t-tau
in CSF. Steady-state maximal reduction of the concentration of CSF
t-tau was not reached during the 13 week treatment period, and t-tau
concentrations continued to decline during the post-treatment period
(Fig.3a). The mean percentage change from baseline in t-tau concen-
tration at 8 weeks post-last dose was -30%, —40%, -49% and —42% in
MAPT,,10 mg, 30 mgand 60 mg monthly and 115 mg quarterly groups,
respectively (Fig. 3b). In the higher-dose groups with seamless entry
into the LTE, CSF t-tau continued to decline at 24 weeks (day 1 LTE
part2) post-last dose in the 60 mg monthly (N =7) and 115 mg quarterly
(N=10) MAPT, groups (-56% and —51% mean percentage change from
baseline, respectively; Fig. 3¢). The 60 mg and 115 mg MAPT, groups

received almost identical cumulative doses of 240 mg and 230 mg,
respectively, over the 13 week treatment period, which may account
for the similar t-tau reduction observed in both groups. Participants
randomized to 10 mgand 30 mg MAPT,, monthly groups had avariable
gap between completing MAD part1and starting LTE part 2; the dura-
tion betweenthelast dose in MAD part1and CSF collection before the
firstdosein LTE part 2 ranged from 22 to 28 months for the10 mggroup
and from 10 to 16 months for the 30 mg group. Despite the prolonged
gap, adurable reduction in t-tau concentration was observed in the
30 mg MAPT, group (-31% mean percentage change from baseline;
N=5) onday1oftheLTE. T-tau levels had returned to baseline levels
in the 10 mg MAPT, group (N =3). In participants receiving placebo,
the mean percentage change from baseline ranged from -1% to -2.4%
among all post-baseline visits (Fig. 3¢).

Additional exploratory outcomes. Reductions similar to those
observed for t-tau were observed for p-taul81 concentration and the
ratio of t-tau to AB42 in CSF (Fig. 4). In participants receiving MAP-
T, there were dose-dependent decreases in the concentration of
p-taul8lin CSF 8 weeks post-last dose with mean percentage change
from baseline of -35%, -44%, —52% and —49% in MAPT, 10 mg, 30 mg
and 60 mg monthly and 115 mg quarterly groups, respectively. CSF
p-taul8l1 continued to decline in participants treated with MAPT,
in 60 mg monthly and 115 mg quarterly groups 24 weeks (day 1LTE
part 2) post-last dose with mean percentage change from baseline of
-56% and -46%, respectively.

Performance on functional, cognitive, psychiatric and neuro-
logic clinical outcomes slightly declined as expected for participants
with mild AD over the duration of the treatment and post-treatment
periods. While no consistent trends were observed across change
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Table 2 | AEs reported in at least three patients receiving MAPT;, according to severity®

Event Mild (grade 1) Moderate (grade 2) Severe (grade 3)
MAPT,, groups Placebo group MAPT,, groups Placebo group MAPT,, groups Placebo group
(N=34) (N=12) (N=34) (N=12) (N=34) (N=12)

Number of patients with event (%)

Any AE (%) 21(62) 5 (42) 1(32) 4(33) 0 0

Any serious AE o] 0 0] 2(16.7) 0 (o]
Post-LP headache” 13(38) 1(8) 2(6) 3(25) 0 0
Procedural pain 4(12) 1(8) 3(9) 0 0 0
Musculoskeletal pain 3(9) 0 1(3) 0 0 0
Vomiting 4(12) 0 6] (o] 0 0
Back pain 2(6) 1(8) 1(3) 0 (0] 0
Confusional state 2(6) 0 1(3) 0 0 0
Contusion 1(3) 0 2(6) 0 0 0
Diarrhea 2(6) 0 1(3) 0 0 0
Dizziness 3(9) 1(8) 0 0 0 0
Fatigue 3(9) 0 0 0 0 0
Myalgia 2(6) 1(8) 1(3) 0 0 0
Nasopharyngitis 3(9) 2017) 0 0 0 0
Nausea 3(9) 0 0 0 0 0
Tinnitus 3(9) (6] 0 0 0 6]

2Shown are AEs that occurred from the first dose of study drug through the end of MAD part 1 (treatment and post-treatment periods). Each AE was rated as mild, moderate or severe,
corresponding to grades of 1, 2 and 3, respectively. In addition, serious AEs were rated as life-threatening (grade 4) or not life-threatening. At each level of summation (overall and according

to system organ class or preferred term), patients for whom more than one AE was reported were counted only once for the incidence according to the most severe grade, and if there was a
missing severity for the same subject, then the non-missing severity, if available, was chosen for the same subject. *Post-LP headache indicates both post-LP syndrome and headache that were
potentially related to study LP procedure. Related was defined as related’, ‘possible’ or missing relationship to LP procedure.

from baseline on clinical endpoints, further analyses are ongoing to
better understand the longitudinal trajectory of the clinical assess-
ments and the relationship with drug exposure and pharmacodynamic
(PD) effects. Exploratory CSF parameters including neurofilament
light (NfL) and heavy (NfH), neurogranin (NRGN) and YKL-40 showed
no dose-responsive effects at 8 weeks post-last dose of MAPT,
(Supplementary Table1). CSF NfL levels decreased frombaselinein the
placebo and 10 mg MAPT,, groups, and aslightincrease frombaseline
was observed in the 30, 60 and 115 mg MAPT, groups. All groups
experienced aslightincrease from baseline in CSF NfH with the 30 mg
MAPT,, group experiencing the greatest increases in both NfL and
NfH. Decrease frombaseline in CSF YKL40 was observed in all MAPT,
treatment groups, whereas no change from baseline was observed in
the placebo group. CSF NRGN levels decreased from baseline in the
10, 30 and 60 mg MAPT,, groups, and no change from baseline was
observedin the placebo or 115 mg MAPT, groups.

The mean change from baseline in ventricular volume (VV) as a
percentage of total intracranial volume 6 months post-baseline was
greater in the 10 mg, 30 mg, 60 mg and 115 mg MAPT,, dose groups
(0.5%, 0.7%, 0.7% and 0.6%, respectively) than that observed in the
placebogroup (0.2%; Extended Data Table 2). Ventricular enlargement
(VE) was not observed in qualitative neuroradiological review of safety
MRIs from participants in MAPT, or placebo groups. Clinical findings
potentially associated with VE were not observed during the treatment
or post-treatment periods. Whole-brain volume declined slightly from
baseline in all groups and did not differ between participants who
received placebo and those who received MAPT,,

Discussion

In this firstin human phase 1b study, bolus IT administrations of four
monthly doses of MAPT,at 10 mg, 30 mg and 60 mgor two quarterly
doses at 115 mg to adults with mild AD were not accompanied by any

severe or serious AEs during the 13 week treatment period or 23 week
post-treatment period. The proportion of participants experiencing
AEswas greaterinthosereceiving MAPT, versus placebo (94% versus
75%, respectively), and this was mainly due to anincreased incidence of
mild AEs in the MAPT,, treatment group (62% versus 42% in placebo).
AEs considered potentially related to study drug by investigators were
reported more frequently in with MAPT,-treated participants com-
pared with placebo-treated participants (15 (44%) versus O, respec-
tively). The most reported AE in participants receiving MAPT, was
post-LP headache, which was generally mild in severity. All study
participants were white, and it will be importantin larger, later-phase
clinical studies of MAPT,, to include a diverse patient population to
adequately evaluate both efficacy and safety. Overall MAPT, treat-
ment was generally well tolerated, with all participants completing
the treatment period and over 90% of participants completing the
post-treatment period.

MAPT,, administration resulted in dose- and time-dependent
reductioninthe concentration of CSF t-tau and p-taul81 with approxi-
mately 50% meanreduction from baseline observed 24 weeks post-last
dose. Further characterization of MAPT,, PK and PD data from the LTE
willbeimportant for selection of the optimal dose level and frequency
for future clinical studies. Itis not feasible to directly quantify the reduc-
tion of MAPT mRNA or tau protein in cortical tissue in a clinical trial;
however, itis possible toindex PD activity with CSF protein assays®"*.
Tauis along-lived protein in the CNS, and thus CSF tau in this study
will be alagging indicator of the reduction of MAPT mRNA and newly
synthesized tau in the CNS*. The predicted MAPT,, concentrations
in brain tissue at all dose levels in this study are sufficient to provide
>50% reductionin t-tau production in the cerebral cortex™. Therefore,
itisnotsurprisingthatall doses assessed in this study demonstrated a
similar trajectory of CSF tau lowering (Figs. 3 and 4), a trajectory that
probably reflects potent reductions in new tau synthesis at all doses
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Fig.2| MAPT,, exposure in CSF and plasma. a, The maximum pre-dose CSF
concentration of MAPT, according to dose group: placebo or the various
MAPT,, dose groups (that s, day 28 ‘trough’ (pre-dose) for placebo, 10 mg (n=6
patients), 30 mg (n = 6 patients) and 60 mg (n = 9 patients) monthly groups; day
84 trough for 115 mg (n = 12 patients) quarterly dose group). Bar represents mean
value and points represent individual values. b, Mean + standard error of the
mean concentration of MAPT,, in plasma, according to dose group, over the 24 h

periods after the administration of the first dose (left; day 1) and fourth dose for
10 mg (n = 6 patients; all timepoints), 30 mg (n = 6 patients (n =5 patientsat4 h
and 5 h after dose on day1and 3 h after dose on day 85)) and 60 mg (n = 9 patients
(n=8patients at1h after dose on day 1)) monthly dose groups and second dose
for 115 mg (n =13 patients on day 1, n =12 patients on day 85) quarterly dose group
(right; day 85). Error barsindicate the standard error.

with arate-limiting condition of the elimination of existing tau protein.
Many of the tau-targeting antibody and vaccine approaches currentlyin
developmentaimto reduce spread of specific extracellular tau species
and are not predicted to have a major impact on intracellular p-tau®*.
MAPT,, prevents tau protein production, and should lower the levels
ofalltauspecies and subsequent posttranslational modifications with
the potential to reduce both pathological spreading of extracellular
tau and neuronal dysfunction due to intracellular tau accumulation.
Limitations of evaluating CSF t-tau and p-tau to index target
engagementinclude the clearance of existing tau protein and reliance
ontautransporttothe CSF. Physiological and pathological conditions
may impact therate of synthesis of tau, passive and activereleaseinto
the extracellular space, and the clearance of tau including degrada-
tion by microglia®****¢, At baseline, CSF tau represents previously
synthesized tau. However, at steady state with respect to both ASO

distribution and the production and elimination of tau, lowered CSF
tau levels should index the reduction of newly synthesized tau****,
Inthe ongoing LTE, steady-state reductions in CSF t-tau protein levels
should emerge thatreflect the degree to which newly synthesized tau
protein is reduced in the CNS. While measuring CSF tau protein can
index PD activity, it cannot inform on regional differences in MAPT
mRNA reduction in CNS tissues.

Quantitative assessment of VV showed greater increasesin MAPT,
treatment groups compared with placebo. Importantly, VE was not
evident on qualitative neuroradiological review of safety MRI scans,
and there were no clinical correlates. Quantitative increases in VV
havebeenobservedintreatmentgroups relative to placebo inclinical
studies of patients with AD**** while other clinical studies of AD have
notreported treatment related- increases* . The etiology of greater
quantitative VE relative to placebo in these studies remains unclear, and
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Fig.3 | Effect of MAPT, on CSF concentrations of t-tau protein. a, The
concentrations of t-tau in CSF over time for individual patients in each dose
group; absolute values, measured in picograms per milliliter (pg ml™), are shown
inthetop graphs, and the percentage changes from baseline are shown in the
bottom graphs. Arrowheads indicate the days on which MAPT, or placebo

was administered. b, The percentage change in the concentration of t-tauin

CSF from baseline to the timepoint 56 days after the last dose (day 141). Circles
indicate individual patients, and horizontal lines indicate group means. ¢, The
mean concentration of t-tau in CSF (left) and the mean percentage change from

baseline (right) over time according to dose group. CSF was not collected at

16 weeks post-last dose (day 197) for the 10 mg and 30 mg groups. Error bars
indicate the standard error of the mean. Q4W and Q12W indicates dosing every

4 or12 weeks, respectively. *Participants assigned to cohort A or Bdid not
seamlessly transition to LTE part 2 and experienced a variable gap ranging from
5to19 months between completion of MAD part1at day 253 and start of LTE part
2 (D1P2).*Placebo group was pooled. Subjects assigned to cohorts A or Band
randomized to placebo had a variable gap between completion of MAD part1and
start of LTE part 2 (D1P2).
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Fig. 4 | Effect of MAPT, on CSF concentrations of p-tau protein and tau/
AB42.a, The mean percentage change from baseline in p-tau over time according
to dose group. b, The mean percentage change from baseline in the ratio of t-tau
to AB42 over time according to dose group. Error barsindicate the standard error
ofthe mean. Q4W and Q12W indicates dosing every 4 or 12 weeks, respectively.

*Participants assigned to cohort A or B did not seamlessly transition to LTE part 2
and experienced a variable gap ranging from 5 to 19 months between completion
of MAD part1atday 253 and start of LTE part 2 (D1P2). *Placebo group was pooled.
Subjects assigned to cohorts A or Band randomized to placebo had a variable gap
between completion of MAD part1and start of LTE part 2 (D1P2).

associated changesin clinical outcomes were generally not reportedin
these studies. Slow, progressive whole-brain atrophy (thatis, irrevers-
ibleloss of brain tissue) and VE are characteristic features of AD**’, and
neuroinflammation is aknown phenomenonin AD*, Although ‘pseu-
doatrophy’ (that is, VE due to resolution of inflammatory edema and
gliosis) hasbeen described in clinical studies of multiple sclerosis and
AD, ithasbeen challenging to differentiate between treatment-induced
pseudoatrophy and disease-related atrophy?****>**-!_ There were
no apparent differences in whole brain volume in MAPT, treatment
groups versus placebo group in this study. Further work is needed to
assess the effect of MAPT,, treatment on inflammation or gliosis in
humans or animal models. Comparing the rate of VE observed in our
study with that observed in the Alzheimer’s Disease Neuroimaging

Initiative is challenging since our patient population was younger
(meanage 66 years versus 75 yearsin the Alzheimer’s Disease Neuroim-
aging Initiative)****?, Nearly half of the participantsin our study were
diagnosed before age 65, representing a much higher proportion of
participants with early onset AD compared with the general AD popu-
lation (46% versus 5%). Disease severity, age and genetic status may
influence the degree and rate of increase in VV and requires further
evaluationin future studies of the drug.

MAPT,, is the first ASO treatment evaluated in a clinical study
of patients with AD. The results from this first in human study
demonstrate that MAPT,, engaged its target, as evidenced by the
marked dose-dependent and sustained reductions in the concentra-
tion of CSF t-tau, and had an acceptable safety profile in participants
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with mild AD. Intrathecally administered ASOs have been evaluated
in other neurodegenerative diseases including spinal muscular atro-
phy, Huntington’s disease and amyotrophic lateral sclerosis with
mixed results®°, Nusinersen is indicated for the treatment of chil-
dren and adults with spinal muscular atrophy*®. While the results of
alarge phase 3 study of tominersen in patients with more advanced
Huntington’s disease did not show evidence of clinical improvement,
post hocexploratory subgroup analysis investigating the association
between disease burden and ASO exposure suggests that younger
participants with a lower disease burden might derive benefit from
less frequent or lower-dose treatment with tominersen in contrast to
the other subgroups®. The tominersen program continues withanew
phase 2 clinical trial exploring different doses of the ASO in younger
patients withlower disease burden (EudraCT number 2022-001991-32).
Results of a phase 3 study of tofersen treatment in patients with SOD1
amyotrophic lateral sclerosis did not achieve statistically significant
improvements on clinical endpoints, but trends favoring tofersen were
observed across clinical outcome measures of respiratory function,
muscle strength and quality of life during the 28 week treatment period
with further improvement evolving during the open-label extension,
including clinical endpoints at week 52. Importantly, robust lowering
of CSF SOD1 protein and plasma NfL chains, a marker of axonal injury
and neurodegeneration, were observed®, Tofersen is currently under
US Food and Drug Administration and European Medicines Agency
review with approval decisions expected in2023. Treatment of neuro-
degenerative diseases with ASOsis still inits infancy, and learnings from
recent studies ondose level and frequency as well as trial design (treat-
mentduration, sample size and patient selection) will furtherimprove
ASO developmentand clinical trial designs across neurodegenerative
diseases.

This first-in-human study of MAPT, has several limitations mainly
due toits small size (N=46) as is typical of phase 1 studies. The MAP-
Tgy doses evaluated in this study achieved the target t-tau reduction
of ~50%, but determining whether this reduction is efficacious will
require further evaluation in larger, well-controlled trials. Similarly,
MAPT,,-treatment related effects on exploratory biomarkers will
require further evaluationin larger trials. Changes in NfL, Nfh, YKL40
and NRGN levels did not appear to be dose responsive and were not
concordant, butinterpretation of the clinical meaningfulness of these
resultsislimited due to the combination of assay variability and small
sample size. Lastly, this study was conducted in relatively young par-
ticipants with mild AD, and it will be important that future studies of
MAPT,, evaluate safety and efficacy in an older population, which may
bemorerepresentative of late-onset AD. Arandomized, double-blind,
placebo-controlled phase 2 study of BIIBO80 (MAPT,) is currently
underway and includes patients aged 50-80 years with an estimated
enrollment of over 700 participants with MCI due to AD or mild AD
(Clinicaltrials.gov registration number NCT05399888).

Theseresults demonstrate that antisense-mediated suppression of
tau protein synthesisinthe CNS of participants with mild AD is possible
and warrant further evaluation of the effect of MAPT, on the clinical
course of patients with AD and in other tauopathies.

Online content
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Methods

Study design and participants

In this randomized, double-blind, placebo-controlled, multicenter,
MAD phase 1b trial with an open-label LTE, we evaluated the safety,
PK and target engagement of MAPT, in participants with mild AD.
This study was divided into two parts: MAD part 1, was completed in
September 2020, and LTE part 2 was completed in May 2022. Partici-
pants had the option to enroll in the open-label LTE upon completion
of MAD part 1.

Eligible participants were between the ages of 50 and 74 years
and had mild AD, defined by a CDR*® Overall Global Score of 1 or
Global Score of 0.5 with a Memory Score of 1, Mini-Mental State
Examination score (MMSE®’) of 20-27 inclusive (scores range from
0to 30,20-27 may represent mild AD); CSF pattern of low Ap42 and
elevated t-tau and p-tau consistent with diagnosis of AD; and diag-
nosis of probable AD based on National Institute of Aging-Alzheimer
Association criteria®® (for further details, see Supplementary
Information).

MAD part 1 was conducted at 12 centers in Canada, Finland,
Germany, the United Kingdom, the Netherlands and Sweden. A central-
ized automated randomization system assigned participants 3:1to
receivebolusIT injections of MAPT, or placebo (artificial CSF) within
each of four dose cohorts during the 13 week treatment period: cohort
A,10 mgmonthly, cohort B30 mg monthly or cohort C, 60 mg monthly
(total of four doses each); or cohort D, 115 mg quarterly (total of two
doses). Twenty milliliters of CSF were removed before administration of
20 mlof study drug. There was a23 week post-treatment period during
which no study drug was administered. Participants assigned to cohort
A or B did not seamlessly transition to LTE part 2 and experienced a
variable gap ranging from 5to 19 months between completion of MAD
part1latday 253 and registration for LTE part 2. Participants assigned
to cohort C or D seamlessly transitioned to LTE part 2. CSF samples
were obtained before each administration of study drug (MAPT, or
placebo), 4 and 8 weeks post-last dose for cohorts A and B, and 8 and
16 weeks post-last dose for cohorts Cand D (Fig.1). Investigators, partic-
ipants and the sponsor were blinded to trial-group assignments for the
trial duration.

The primary objective was evaluation of the safety of MAPT,.
Safety evaluations included collection of AEs, physical and neuro-
logic examination, Columbia Suicide Severity Rating Scale, laboratory
assessments, vital signs, electrocardiograms and safety MRI sequences.
Ateachtrial visit, participants were queried for other changesin health
status and concomitant medications in an open-ended fashion.

The secondary endpoint was the characterization of the PK of
MAPT,, in CSF.

The key exploratory endpoint was CSF t-tau concentration. Addi-
tional exploratory endpointsincluded characterization of MAPT, PKin
plasma; exploration of the effects of MAPT, on PD biomarkers includ-
ing CSF concentrations of p-tau, AB42 and NfL; and clinical, cognitive
and neuroimaging assessmentsrelevant to AD (Supplementary Table1).

Study drug

MAPT,, is a second-generation 2’-O-(2-methoxyethyl) ASO comple-
mentary to a nucleotide sequence in the human MAPT pre-mRNA
transcript. The sequence of MAPT,, is (5'to 3’) ccogtt TTCTTACCacocct,
where capital letters represent 2’-deoxyribose nucleosides, and small
letters 2’-(2-methoxyethyl)ribose nucleosides. Nucleoside linkages
represented with a subscript o are phosphodiester, and all others are
phosphorothioate. Letters represent adenine, 5-methylcytosine, gua-
nine and thymine nucleobases. Hybridization of MAPT, to the cognate
pre-mRNA via Watson and Crick base pairing results in ribonuclease
Hl-mediated degradation of the MAPT pre-mRNA, thus selectively pre-
venting production of the tau protein®. Dose selection was guided by a
preclinicalmodelin mouse and monkey relating dose level to reduction
in MAPT mRNA (model described by Tabrizi et al.”).

Study oversight

The trial was conducted in accordance with the Declaration of Helsinki.
The trial protocol and all documentation were approved by the insti-
tutional review board or independent ethics committee at each inves-
tigational site (for list of ethics committees approving the study, see
Supplementary Information). All participants provided writteninformed
consent. The trial was sponsored by lonis Pharmaceuticals, which
provided the study drug (MAPT, and placebo). Personnel from lonis
Pharmaceuticals designed the trial in conjunction with collaborators
fromBiogen, academicinvestigators and other disease experts. AFormal
Safety Monitoring Group, composed of sponsor personnel with medical
and clinicaltrial expertise and independent fromthe conduct of the study,
authorized each dose escalation after unblinded review of safety data.
The investigators collected the data, which were held and maintained
by the sponsor. Data were analyzed by personnel from the sponsor and
were interpreted by all authors. The investigators vouch for the fidelity
ofthetrial tothe protocol and protocol amendments. The authors vouch
forthe completeness and accuracy of the data. The authors and sponsor
made the decision to submit the manuscript for publication.

Measurement of brain volumes

We obtained three-dimensional T1-weighted structural MRI scans
of the head and transferred these data, blinded to trial-group status,
to an independent image-analysis provider that performed quality
control, processing and volumetric analyses according to established
methods. Whole-brain and regional volume changes were calculated
using a validated pipeline implemented in VivoQuantTM, composed
of a preprocessing module and a multi-atlas segmentation module,
followed by visual inspection and manual editing if needed®.

Biomarker analysis

CSF from participants was analyzed with the following assays: Elecsys
B-Amyloid (1-42) CSF, Elecsys Total-Tau CSF and Elecsys Phospho-Tau
(181P) CSF performed at Roche Diagnostics); NfL (Uman), NfH (Protein
Simple, ELLA), YKL40 (Protein Simple, ELLA) and NRGN (Euroimmune)
atImmunologix.

Statistical analysis

The primary objective of the trial was the evaluation of the safety of
MAPT,, treatment. Safety data were summarized according to treat-
ment group. Quantitative assessments were summarized using descrip-
tive statistics including number of patients, mean, median, standard
deviation, standard error of mean, interquartile range (25th percen-
tile, 75th percentile) and range (minimum, maximum). Qualitative
assessments were summarized using frequency counts and percent-
ages. All safety analyses were performed in the safety population (all
randomized participantsreceiving at least one dose of study drug). PK
parameters were assessed for MAPT, in CSF and plasma. Analyses of
PD biomarkers and exploratory and clinical endpoints were summa-
rized according to treatment group, and MAPT,, -treated groups were
compared with the pooled placebo group. While there is no statistical
rationale for the sample size, it has been selected on the basis of prior
experience with generation 2.0 ASOs given by IT bolus injection to
ensure that the safety, tolerability, PK and exploratory pharmacody-
namics will be adequately assessed while minimizing unnecessary
patient exposure. Statistical analyses were performed using Statistical
Analysis System (SAS) Version 9.4.

Reporting summary
Furtherinformation onresearch designis available inthe Nature Port-
folio Reporting Summary linked to this article.

Data availability
Torequest access to data, please visit Vivli. The individual participant
datacollected during the trial and that support the research proposal
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will be available to qualified scientific researchers, inaccordance with
Biogen'’s Clinical Trial Transparency and Data Sharing Policy on www.
biogentrialtransparency.com. Data requests are initially reviewed
by Vivli and Biogen for completeness and other parameters (relating
to scope and meeting sponsor policies) and are then reviewed by an
Independent Review Panel. Deidentified data, study protocoland docu-
ments will be shared under agreements that further protect against
participantreidentification, and dataare providedin asecure research
environment further protecting participant privacy.
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Extended Data Table 1| Adverse Events Reported in at Least Three Patients* Receiving MAPT, According to Treatment
Group

Placebo MAPTRx 10-mg monthly | MAPTrx 30-mg monthly | MAPTRrx 60-mg monthly | MAPTRrx 115-mg quarterly MAPTRx Groups

(N=12) (N=6) (N=6) (N=9) (N=13) (N=34)
MedDRA Preferred Term Subjects (%) Events Subjects (%) | Events Subjects (%) Events Subjects (%) Events Subjects (%) Events Subjects Events

(%)

Headache 3(25.0) 3 2(333) 2 3(50.0) 4 3(333) 8 2(15.4) 2 10 (294) 16
Post lumbar puncture syndrome 3(25.0) 7 3(50.0) 7 1(16.7) 1 2(222) 3 3(23.1) 4 9(26.5) 15
Procedural pain 1(83) 1 2(333) 2 0( 0.0) 0 3(333) 3 2(15.4) 2 7(20.6) 7
Musculoskeletal pain 0( 0.0 0 1(16.7) 4 1(16.7) 1 L AL 1 1:¢ 79) 1 4(11.8) 7
Vomiting 0(0.0) 0 0( 0.0) 0 1(16.7) 1 2(222) 2 1(7.7) 1 4(11.8) 4
Back pain 1(83) 1 0( 0.0) 0 0(0.0) 0 2:(22:2) 3 15¢ 7.9 1 3(898) 4
Confusional state 0( 0.0) 0 0( 0.0) 0 0( 0.0) 0 0(0.0) 0 3(23.1) 5 3(88) 5
Contusion 0(0.0) 0 1(16.7) 1 1(16.7) 3 1(11.1) 1 0(0.0) 0 3(88) 5
Diarrhoea 0( 0.0) 0 0( 0.0) 0 2(333) 2 1(11.1) 2 0( 0.0) 0 3(88) 4
Dizziness 1(83) 2 0( 00) 0 1(16.7) 2 2(222) 2 0(0.0) 0 3(88) 4
Fatigue 0(0.0) 0 1(16.7) 1 0(0.0) 0 1(11.1) 1 1:€ 7.0 1 3(89) 3
Myalgia 1(83) 1 1(16.7) 1 1(16.7) 3 0(0.0) 0 14 79) 1 3(88) 5
Nasopharyngitis 2(167) 2 1(16.7) 1 0( 0.0) 0 1(11.1) 2 1€ 7.0 1 3(88) 4
Nausea 0( 0.0 0 1(16.7) 1 2(333) 2 0(0.0) 0 0(0.0) 0 3(898) 3
Tinnitus 0(0.0) 0 1(16.7) 1 1(16.7) 2 1(11.1) 1 0(0.0) 0 3(898) 4

*Patients reporting more than one adverse event were counted only once for the incidence using the most severe grade and, if there was a missing severity for the same subject, then the
non-missing severity, if available, was chosen for the same subject. **All headache events including those related to lumbar puncture procedure.
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Extended Data Table 2 | Ventricle, Hippocampus and Whole Brain Volumes*

Placebo MAPTrx
Region N=12) MAPTRy Groups 10 mg Monthly 30 mg Monthly 60 mg Monthly 115 mg Quarterly
B (N=34) (N=6) (N=6) (N=9) (N=13)
Mean Volume at Baseline (N) 12 34 6 6 9 13
Total Ventricle 4T 7E21.3 41.1£19.5 S1.4E31 7 43.4+13.8 31.8+14.6 41.8+16.9
Total Hippocampus 4.2+0.7 3.9+0.6 3.6+0.4 4.3+0.4 4.0+0.6 3.74£0.6
‘Whole Brain 1108.9+145.1 1127.6+£109.3 1047.5+121.9 1085.6+91.3 1158.7+78.5 1162.4+113.7
Total ICV 1544.8+165.2 1542.0+128.0 1480.7+147.9 1506.1+131.6 1557.9£145.8 1575.8+102.9
Change in Volume at Day 169 (N) 11 32 6 6 8 12
Total Ventricle
Mean Change from Baseline 3.8+4.3 9.6+7.3 7.3+4.4 10.4+6.6 10.9+10.2 9.4£7.1
Mean Change from Baseline as % of ICV 0.2+0.3 0.6+0.5 0.5+0.3 0.7+0.4 0.7+0.6 0.6+0.5
Hippocampus
Mean Change from Baseline 0.04+0.18 -0.11+0.25 -0.03+0.15 0.12+0.43 -0.19+0.17 -0.21+0.15
Mean Change from Baseline as % of ICV 0.00+0.01 -0.01+0.02 -0.00+0.01 0.01+0.03 -0.01+0.01 -0.01£0.01
Whole Brain
Mean Change from Baseline -8.1£11.8 -8.5+13.1 -14.248.1 -11.4£11.6 2.9+16.6 -11.849.4
Mean Change from Baseline as % of ICV -0.5+0.7 -0.6+0.9 -1.0£0.6 -0.7£0.7 0.2£1.1 -0.7+0.6
*Volume measured in cm?®. Plus-minus values are means+SD. ICV: Intracranial Volume (cm®)
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX []

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

000X XS

I I B ¢

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used.

Data analysis VivoQuant software was used to measure regional brain volumes. SAS version 9.4 was used for data analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

To request access to data, please visit Vivli. The individual participant data collected during the trial and that support the research proposal will be available to
qualified scientific researchers, in accordance with Biogen's Clinical Trial Transparency and Data Sharing Policy on www.biogentrialtransparency.com. Data requests
are initially reviewed by Vivli and Biogen for completeness and other parameters (relating to scope and meeting sponsor policies) and are then reviewed by an




Independent Review Panel. Deidentified data, study protocol and documents will be shared under agreements that further protect against participant
reidentification and data are provided in a secure research environment further protecting participant privacy.
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Reporting on sex and gender Participant sex was determined by self-reporting. An equal number of male and female participants were included the study
(N=23 each, Table 1).

Population characteristics Covariate-relevant population characteristics including age, sex, race, and genotype are described in Table 1

Recruitment Study Investigators identified and recruited participants for the study according the study eligibility criteria. The Sponsor is
unaware of any patient selection bias.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size While there is no statistical rationale for the sample size, it has been selected based on prior
experience with generation 2.0 ASOs (Tabrizi et. al, 2019) given by IT bolus injection to ensure
that the safety, tolerability, PKs, and exploratory pharmacodynamics will be adequately assessed
while minimizing unnecessary patient exposure.

Data exclusions  No data was excluded from the analyses

Replication The study findings have not yet been replicated in other human clinical studies. There is an ongoing Phase 2 study evaluating BIIBO8O
(MAPTRX) in patients with mild cognitive impairment and mild Alzheimer's disease (NCT05399888).

Randomization  In MAD, Part 1, of the study, a patient was randomized after all Screening assessments
have been completed and after the Investigator has verified that the patient is eligible per criteria.
No patient may begin treatment prior to randomization and assignment of a unique patient
identification number.
Eligible patients were randomized centrally by an automated system to receive ISIS 814907 or
placebo. Within each cohort, randomization was 3:1 ISIS 814907: placebo

Blinding The investigators, patients and study center personnel, including the site pharmacist, were blinded
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Blinding to treatment assignment for the duration of the study (i.e., until the end of long-term extension).

An interim analysis of the multiple ascending dose (MAD) Part 1 to investigate safety, PK, PD and exploratory endpoints

was conducted at the end of MAD, Part 1 when the last patient completed the last visit. Unblinded data was evaluated at this
analysis. All patients/all data through the end of MAD, Part 1 were used for the analysis with

the exception of CSF biomarkers data (through Day 1 pre-dose in LTE, Part 2). The individuals

involved in the unblinded interim analysis were identified and documented at the time of

unblinded interim analysis according to lonis standard operation procedure (SOP).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
X|[] Antibodies [] chip-seq

X D Eukaryotic cell lines D Flow cytometry

X |:| Palaeontology and archaeology |:| |Z MRI-based neuroimaging
g D Animals and other organisms

D IZ Clinical data

g D Dual use research of concern

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  NCT03186989

Study protocol The full trial protocol has not been made public. Biogen will provide the study protocol upon approval of a research proposal per the
data availability statement.

Data collection From August 2017 through February 2020, 102 participants were screened for eligibility and 46 underwent randomization according
to the protocol. Data was collected at the study sites listed below for MAD Part 1 through September 2020 (study site information is
also provided in the supplement). Data were single-entered into the electronic data capture system by the clinical site staff.
Dementia Research Centre and Leonard Wolfson Experimental Neurology Centre, National Hospital for Neurology and Neurosurgery,
UCL: Catherine Mummery, Filomena Di Bernado, Shazia Begum, Joshua Elflein, Miguel Grilo, Harjit Bhangra, Rosalind Strang
Sheffield Teaching Hospital NHS Foundation Trust Clinical Research Facility, Royal Hallamshire Hospital: Daniel Blackburn, Grace Cole,
Alex Radford, Patrick Easton
Montreal Neurological Institute: Simon Ducharme, Angela Genge, Michal Friedman, Salma Khalil, Cyrena Gerardi
Clinical Research Services Turku, CRST Oy: Juha Rinne, Anne Lithonius, Zsofia Lovro
Klinik fur Neurologie, Universitatsklinikum Ulm: Albert Ludolph, Christine von Arnim, Therese Grozinger, Carmen Schafer, Daniela
Taranu, Dérthe Polivka
Katholisches Klinikum Bochum gGmbH, Klinik fir Neurologie: Siegfried Muhlack, Barbara Kaminski, Daniela Kaminski, Lennard
Herrmann
Pharmakologisches Studienzentrum Chemnitz GmbH: Ralf Bodenschatz, Anne Merkel, Caroline Werner
QPS Nederland: Peter Paul de Deyn, Marieke Ettema, Izaak den Daas
Karolinska University Hospital, ME Aging: Anne Borjesson-Hanson, Pia Andersen, Niels Andreasen, Ann-Christine Tysen-Backstrom,
Marie Larksater, Carolina Hillia, Karin Nordin, Staffan Rosenborg
Minnesmottagningen, Sahlgrenska Universitetssjukhuset Géteborg/Mélndal: Michael Jonsson, Maria, Berglund, Fredrika Jonsson,
Annie Segerbom, Timothy Hadarsson, Samih Almudafar, Dan Curiac, Chrichan Mansson, Sari Huusko, Per Nellgard
Deutsches Zentrum fiir Neurodegenerative Erkrankungen e. V. (DZNE): Anja Schneider, Guido Hennes, Daniela Krenzel, Bianca Jacobs,
Carolin Mikliz, Cornelia McCormick
VUmc, Amsterdam Brain Research Center (BRC): Everard Vijverberg, Philippus Scheltens, Evelien Norbat, Kim Verheul, Dewi Catton,
Femke Van Der Linden, Kim Van Geemen, Lisa Van Maanen, Femke Errens

Outcomes Safety and PK were the primary and secondary endpoints, respectively, and prospectively defined in the study protocol. Safety data
were summarized according to treatment group. Quantitative assessments were summarized using descriptive statistics including
number of patients, mean, median, standard deviation, standard error of mean, interquartile range (25th percentile, 75th
percentile), and range (minimum, maximum). Qualitative assessments were summarized using frequency counts and percentages. All
safety analyses were performed in the safety population (all randomized participants receiving at least one dose of Study Drug). PK
parameters were assessed for MAPTRx in CSF and plasma. Analyses of PD biomarkers, exploratory and clinical endpoints were
summarized according to treatment group, and MAPTRx-treated groups were compared with the pooled placebo group. Statistical
analyses were performed using Statistical Analysis System (SAS) Version 9.4.
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Magnetic resonance imaging

Experimental design

Design type Resting state
Design specifications We obtained 3-dimensional (3D) T1-weighted structural MRI scans of the head at baseline and Day 169.

Behavioral performance measures  Not applicable

Acquisition
Imaging type(s) 3-dimensional (3D) T1-weighted structural MRI scans
Field strength 1.5 Tesla
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Sequence & imaging parameters T2 FLAIR, GRE T2 star, T2 Fast Spin Echo [FSE]/Turbo Spin Echo [TSE]

Area of acquisition whole brain
Diffusion MRI [ ] used Not used

Preprocessing

Preprocessing software Analysis was performed with a validated pipeline implemented in VivoQuantTM, which is comprised of
preprocessing module and a multi-atlas segmentation module, followed by visual inspection and
manual editing if needed. Trained personnel executed the automated preprocessing pipeline for each MRI data set. The
preprocessing pipeline consists of the following steps:

1. Resampling to an isotropic voxel size of 1x1x1 mm.

2. Generating a foreground mask to remove the background noise.

3. Denoising with an adaptive non-local mean filter. This step removes noise and improves
signal-to-noise ratio while preserving local structure.

4. B1 nonuniformity bias field correction.8 This step removes potential low frequency intensity
nonuniformities in the image.

5. Anterior commissure (AC) — posterior commissure (PC) alignment.9 This step provides an
initial alignment of the image using automated identification of the AC-PC to improve
downstream image registration.

AC-PC alignment will be visually inspected and manually adjusted by the IPS, if needed. If any
manual adjustment is performed by the IPS, then a second IPS will QC the alignment to verify.
7. Intensity normalization. This step harmonizes signal intensities within the brain to improve
downstream image registration.

8. Cropping. This step automatically removes potential nuisance regions outside the brain,
particularly in the neck/shoulders that may impact downstream image registration

Normalization Multi-atlas segmentation was performed using a pre-labeled reference library. The steps to build and use the
reference library are:
1. The reference library images are selected from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) data sets from healthy controls and patients.
Frisoni GB, Jack CR, Jr., Bocchetta M, et al. The EADC-ADNI Harmonized Protocol for manual
hippocampal segmentation on magnetic resonance: evidence of validity. Alzheimers Dement.
2015;11(2):111-125.
2. ROI segmentations have been previously performed under the guidance of neuroanatomical
experts and according to published protocols.
Avants BB, Tustison NJ, Song G, Cook PA, Klein A, Gee JC. A reproducible evaluation of ANTs
similarity metric performance in brain image registration. Neuroimage. 2011;54(3):2033-2044.
3. A subset of reference library data sets and their associated ROIs, typically 50 + 20 patients,
are selected for a specific study to provide a representative cross-section of the prescribed
study population in terms of age, and other demographics, where possible.

Normalization template Reference library images are selected from the Alzheimer’s Disease Neuroimaging
Initiative (Frisoni GB, Jack CR, Jr., Bocchetta M, et al. The EADC-ADNI Harmonized Protocol for manual
hippocampal segmentation on magnetic resonance: evidence of validity. Alzheimers Dement.
2015;11(2):111-125)

Noise and artifact removal De-noising was performed according to published algorithms.
Buades A, Coll B, Morel JM. A Review of Image Denoising Algorithms, with a New One. Multiscale
Modeling & Simulation. 2005;4(2):490-530.
Tristan-Vega A, Garcia-Pérez V, Aja-Fernandez S, Westin C-F. Efficient and robust nonlocal
means denoising of MR data based on salient features matching. Computer Methods and
Programs in Biomedicine. 2012;105(2):131-144.
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Volume censoring Segmentations of each ROI are generated via implementation of a multi-atlas segmentation (MAS)




Volume censoring strategy. The MAS module is executed as an automated pipeline within a validated version of the
VivoQuant software, followed by visual inspection and manual editing, if needed. The input is the
preprocessed T1 MRI. MAS steps include:
1. Each MRI from the reference library along with its associated labels are affine-registered to
the target image space. (Wang H, Suh JW, Das SR, Pluta JB, Craige C, Yushkevich PA. Multi-Atlas Segmentation with Joint
Label Fusion. IEEE Transactions on Pattern Analysis and Machine Intelligence. 2013;35(3):611-
623)
2. For each ROI, a bounding box comprising the union of the corresponding labels from all
reference library images in the target image space is generated. This step restricts the
registration region to improve registration accuracy and decrease processing time.
3. Regions within the bounding box of the reference MRIs are warped to the target image using
deformable registration.
4. A subset of the best reference MRIs is selected based on the normalized mutual information
(MI) between the target image and each warped reference MRI within the bounding box. This
step excludes poorly registered reference library data sets.
5. The warped ROIs corresponding to the best reference MRIs are fused to complete the
segmentation. (Wang H, Suh JW, Das SR, Pluta JB, Craige C, Yushkevich PA. Multi-Atlas Segmentation with Joint
Label Fusion. IEEE Transactions on Pattern Analysis and Machine Intelligence. 2013;35(3):611-
623)
6. Steps 2 through 5 are repeated for each ROI.
7. All ROIs are visually inspected and manually edited by if needed.
The performance of this tool has been validated using publicly available data and achieved high
overlap with the manual segmentation and performed favorably relative to Freesurfer in sensitively
quantifying region brain volume changes (Wang X, Ghayoor A, Novicki A, Holmes S, Seibyl J, Hesterman J. Application of a
Multi-Atlas
Segmentation Tool to Hippocampus, Ventricle and Whole Brain Segmentation. Alzheimer's &
Dementia: The Journal of the Alzheimer's Association. 2017;13(7):P1385-P1386.)
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Statistical modeling & inference

Model type and settings Analysis of covariance (ANCOVA) model was used to compare treatment groups at each post-baseline visit. The
nonparametric test, Wilcoxon rank-sum test, was performed instead when significant departures from normality were
observed. When ANCOVA was applied, the model included treatment groups as factors and baseline value and baseline age
as covariates.

Effect(s) tested Change from Baseline were compared between each MAPTRx-treated group and pooled placebo using ANCOVA or Wilcoxon
rank-sum test, as appropriate.

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

Multi-atlas segmentation was performed using a pre-labeled reference library. The reference library
images are selected from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) data sets from healthy
controls and patients.

Frisoni GB, Jack CR, Jr., Bocchetta M, et al. The EADC-ADNI Harmonized Protocol for manual
hippocampal segmentation on magnetic resonance: evidence of validity. Alzheimers Dement.
2015;11(2):111-125.

Anatomical location(s)

Statistic type for inference Point estimates, standard error, and 95% confidence intervals of least squared (LS) mean within treatment groups, and these
(See Eklund et al. 2016) statistics along with p-value for treatment difference between each MAPTRx-treated group and pooled placebo were
obtained from ANCOVA model. When Wilcoxon rank-sum test was performed, only p-values were provided.

Correction Due to exploratory purpose of Phase | study, p-values were not adjusted for multiple comparisons.

Models & analysis

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

IXI D Graph analysis

IXI D Multivariate modeling or predictive analysis
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