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Alzheimer’s disease (AD) pathology is partly characterized by accumulation of aberrant forms of tau protein. Here we report
the results of ADAMANT, a 24-month double-blinded, parallel-arm, randomized phase 2 multicenter placebo-controlled trial
of AADvac1, an active peptide vaccine designed to target pathological tau in AD (EudraCT 2015-000630-30). Eleven doses of
AADvac1 were administered to patients with mild AD dementia at 40 μg per dose over the course of the trial. The primary objective was to evaluate the safety and tolerability of long-term AADvac1 treatment. The secondary objectives were to evaluate immunogenicity and efficacy of AADvac1 treatment in slowing cognitive and functional decline. A total of 196 patients were randomized
3:2 between AADvac1 and placebo. AADvac1 was safe and well tolerated (AADvac1 n = 117, placebo n = 79; serious adverse events
observed in 17.1% of AADvac1-treated individuals and 24.1% of placebo-treated individuals; adverse events observed in 84.6%
of AADvac1-treated individuals and 81.0% of placebo-treated individuals). The vaccine induced high levels of IgG antibodies. No
significant effects were found in cognitive and functional tests on the whole study sample (Clinical Dementia Rating-Sum of the
Boxes scale adjusted mean point difference −0.360 (95% CI −1.306, 0.589)), custom cognitive battery adjusted mean z-score
difference of 0.0008 (95% CI −0.169, 0.172). We also present results from exploratory and post hoc analyses looking at relevant
biomarkers and clinical outcomes in specific subgroups. Our results show that AADvac1 is safe and immunogenic, but larger
stratified studies are needed to better evaluate its potential clinical efficacy and impact on disease biomarkers.

T

he neuropathological hallmarks of AD are the deposition of
amyloid-β and aggregation of tau protein1–3. Neurofibrillary
tau pathology is closely tied to key aspects of the neurodegenerative process. The distribution and quantity of neurofibrillary
lesions is strongly correlated with both the severity and pattern
of brain atrophy4 and with the clinical phenotype and severity of
cognitive impairment and dementia5,6. The deposition pattern
of neurofibrillary pathology, as seen by tau positron emission
tomography (PET), is also predictive of future brain atrophy7 and
longitudinal cognitive decline8.

According to current understanding, following seminal events in
the entorhinal cortex and/or brainstem9, the neurons that initially
develop neurofibrillary lesions begin to shed seeding-capable tau
aggregates that bear similarities to prions. Subsequently, tau pathology propagates through the brain along neuronal pathways10 as
the tau seeds produced by affected neurons enter healthy but
vulnerable cells, where they sequester and convert physiological
tau via template-mediated conformational change11. Neuronal
damage occurs via a combination of loss of function and toxic gain
of function of tau12.
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There is a growing body of evidence showing that aggregated tau,
either in free form or in exosomes, can be transferred from donor
cells (either neurons or glial cells) to recipient cells using various
routes, including receptor-mediated (heparan sulfate proteoglycans, LDL-receptor-related protein 1)13,14 or nonreceptor-mediated
endocytosis/micropinocytosis or transport via nanotubes (in vitro
data)15. The identification of extracellular pathological tau and its
ability to spread in a prion-like fashion have modified the strategy
of immunotherapy toward targeting the pathological tau located in
the extracellular space16. Extracellular tau is a crucial part in this
propagation of tau pathology and at the same time is more readily
accessible to drugs than its intracellular counterpart, thus constituting an excellent treatment target. As the rate of disease progression
depends upon the level of seeding-capable ‘tauons’ in the brain and
their interneuronal transfer17, it follows that reducing their amount
and obstructing their entry into healthy neurons should slow or
even halt the propagation of neurofibrillary degeneration. Tau
encapsulated in extracellular vesicles is less likely to be accessible
for immunotherapy and can still spread tau pathology; however, to
a much lesser extent compared to free tau18.
Vaccines and humanized antibodies in clinical development
target a range of extracellular tau species, with some being aimed
at the amino- or carboxy-terminus and others binding the prolinerich region or microtubule-binding repeat domain of tau19,20. Active
immunotherapy has several desirable properties that make it a suitable candidate for reducing the amount of neurofibrillary degeneration in the brain: it does not elicit inactivating anti-drug antibodies
that are the bane of various passive immunotherapy products21, it is
cost effective, easy to administer and ultimately, a feasible candidate
for primary prevention.
We previously identified amino acid sequences in the microtubule-binding region of tau protein that are essential for pathological tau–tau interaction and aggregation, consisting of four highly
homologous and yet independent binding regions on tau, each
of which behaves as a separate epitope. The X-ray structure indicates that the four epitopes form protruding structures on the tau
molecule. Targeting them via the monoclonal antibody DC8E8
resulted in effective inhibition of tau aggregation22, prevented neuronal uptake of tau seeds and promoted the microglial clearance of
extracellular pathological tau23,24.
The DC8E8 antibody epitopes served as a template in the
development of AADvac1, an active immunotherapy targeting a
pathological conformation of tau protein found in AD and various
tauopathies. We have shown that AADvac1 reduces the amount
of neurofibrillary pathology in tau-transgenic rats and improves
their moribund phenotype25. In humans, AADvac1 treatment leads
to high IgG response rates also in elderly patients with AD. The
induced antibodies display a manifold higher affinity for pathological over healthy tau and are reactive with all investigated types of
tau pathology, including neurofibrillary lesions in human AD, Pick’s
disease, corticobasal degeneration and progressive supranuclear
palsy. In phase 1 studies, the safety profile of AADvac1 was benign;
encouraging signals were observed on MRI volumetry and cognitive assessments26,27.
Based on the above, AADvac1 was advanced into phase 2 development, with the aim of primarily testing safety and immunogenicity in a larger cohort of patients with AD in the ADAMANT
(Alzheimer’s Disease Active immunization and disease Modification
by AXON Neuroscience directed against Tau) trial.

Results

Patient characteristics and analysis sets. A total of 196 patients
with a diagnosis of mild AD supported by MRI and/or cerebral spinal fluid (CSF) biomarkers were enrolled between 16 June 2016 and
30 May 2017 and randomized in a 3:2 ratio to AADvac1 (n = 117) or
placebo (n = 79). The last safety follow-up visit was on 25 June 2019.
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The safety set comprised 196 patients who received at least one
dose of AADvac1 or placebo and had at least one post-baseline safety
assessment; this set was used for safety analyses. The full analysis set
(FAS) comprised 193 patients who had at least one post-baseline efficacy assessment. Altogether, 163 FAS patients completed the study
via attending the end-of-study visit at week 104; this was the primary set for efficacy analyses. The attrition rate between the safety
set and the set of study completers was 16.8%, with 14.5% dropping out in the AADvac1 arm and 20.3% in the placebo arm.
The per-protocol (PP) set comprised patients who completed the
study and had no important protocol deviations (n = 162). The perprotocol responder set (PPR) consisted of AADvac1-treated patients
who developed an IgG antibody response to the Axon Peptide 108
component of AADvac1 and all placebo-treated study completers
(n = 160; Fig. 1). The results of the PP and PPR sets are supportive of
the main analysis of the FAS set (Supplementary Table 27).
There were no statistically significant differences in any of the
demographic characteristics in the FAS at baseline (Table 1).
The baseline characteristics of patients with longitudinal CSF
and DTI data and of subgroups are in the Supplementary Section 6.
It is important to note that patients could fulfill the biomarker
inclusion criterion (no. 4) either via positivity for CSF tau and amyloid biomarkers or by displaying medial temporal lobe atrophy in
MRI. As a result, a proportion of patients who were negative for
CSF biomarkers was enrolled solely based on medial temporal lobe
atrophy in MRI. Of 46 patients with available baseline CSF samples,
4% displayed values outside the AD cutoff for CSF Aβ1–42, 28% for
total tau and 33% for pT181 tau. Universally, patients whose pT181
levels were below the cutoff displayed similarly low values for total
tau and borderline values for Aβ1–42 (Extended Data Fig. 1).
Primary end-point results for AADvac1 safety. Treatmentemergent serious adverse events (SAEs) were seen in 17.1% of individuals treated with AADvac1 (29 events in n = 20 individuals) and
in 24.1% of placebo-treated individuals (32 events in n = 19 individuals) (safety set, relative risk of 0.711, 95% CI (0.410, 1.240),
two-sample Wald z-statistic of 1.197; risk difference, −7.04% upper
bound of 90% CI 0.556%) (Supplementary Table 18).
Reversible injection-site reactions (ISRs) were the only adverse
event (AE) occurring with pronouncedly higher frequency in
AADvac1-treated individuals; ISRs were reported in 47.0% of
AADvac1-treated individuals and in 25.3% of placebo-treated individuals (AADvac1 n = 55, placebo n = 20, two-sample Wald z-statistic
of 2.855, P = 0.004, relative risk of 1.857, 95% CI (1.214, 2.840); risk
difference of 21.13, upper bound of 90% CI 29.7%) (Supplementary
Table 16). A statistically significant difference was observed in the
incidence of confusion, in 5.1% AADvac1-treated individuals and
in no placebo-treated individuals (AADvac1 n = 6, placebo n = 0,
two-sample Wald z-statistic of 2.044, P = 0.041, relative risk 95%
CI (1.086, infinity) (as the incidence in one arm was 0, relative risk
could not be calculated and the CI was calculated using Koopman’s
asymptotic score method28; risk difference of 46.5%, upper bound
of 90% CI 7.83%). The confusion was transient and self-limiting
in five of six cases. Otherwise, the observed AEs and SAEs were
in line with the background incidence expected in the elderly AD
population; no safety signal emerged. A logistic regression analysis
of AE incidence for each system organ class (SOC) where ≥5% of
study participants experienced an AE (with treatment group, age,
sex and pooled country as covariates) did not reveal any additional
safety findings (for each system organ class (SOC), the odds ratios of
AADvac1 to placebo are not statistically significantly different from
one at a significance level of 0.05; Table 2). All treatment-emergent
SAEs designated as suspected unexpected serious adverse reactions
by the investigators occurred in placebo-treated individuals.
Two individuals on active treatment died; however, their deaths
were considered to be unrelated to treatment by the Data and Safety
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Individuals screened (n = 461)
Reasons for screen failure:
see supplement

Randomized (n = 196)

AADvac1 (n = 117)

Placebo (n = 79)

Discontinuation at V02:
withdrawal by individual (n = 1)
AE (n = 1)

Discontinuation at V02:
withdrawal by individual (n = 1)

AADvac1 (n = 116)

Placebo (n = 77)

FAS (n = 193)

Reason for discontinuation:
AE (n = 1)
Physician decision (n = 1)
Lost to follow-up (n = 1)
Withdrawal by individual (n = 9)
Other (n = 2)
Total discontinued: n = 14

Reason for discontinuation:
AE (n = 4)
Death (n = 2)
Physician decision (n = 2)
Withdrawal by individual (n = 8)
Total discontinued: n = 16

1 important
protocol
deviation

Safety set (n = 196)

Completed:
AADvac1 (n = 100)

Completed:
placebo (n = 63)

PP:
AADvac1 (n = 99)

PP:
placebo (n = 63)

PP (n = 162)

PPR:
AADvac1 (n = 97)

PPR:
placebo (n = 63)

PPR (n = 160)

2 nonresponders

Fig. 1 | Individual disposition flowchart. Flowchart showing individual disposition.

Monitoring Board (DSMB) and investigators. One individual experienced emesis during an examination and aspirated vomit, resulting in respiratory failure. The other individual had pre-existing
cardiac risk factors (ischemic heart disease; status post-stenting of
coronary arteries; body mass index of 32; first degree atrioventricular block) and experienced cardiac arrest.
No statistically significant differences in laboratory safety parameters (hematology, coagulation, chemistry and urinalysis) and vital
signs were observed.
No vascular edema was observed in MRI. There was no statistically significant difference in incidence of micro-hemorrhages
(MHs). Newly occurring MH were observed in 17.54% of AADvac1treated individuals and in 9.33% of placebo-treated individuals
(AADvac1 n = 20, N = 114, placebo n = 7, N = 75, two-sample z-statistic of 1.527, P = 0.127, relative risk of 1.880, 95% CI (0.836, 4.225);
risk difference of 7.714%, upper bound of 90% CI 14.105%). Newly
occurring superficial cortical siderosis was observed in two patients
on AADvac1 treatment and three patients on placebo.
Incidence of AEs by SOC and a full listing of SAEs are presented
in Supplementary Table 17. Incidence of AEs observed in ≥5% of
trial participants is presented in Table 2.
The independent DSMB concluded in its final report that no significant safety concerns that would prevent the continued development of AADvac1 were identified in the ADAMANT trial.
Nature Aging | www.nature.com/nataging

Secondary end-point results for AADvac1 immunogenicity.
AADvac1 was highly immunogenic, with patients reaching a geometric mean IgG titer of 1:17,350 (95% CI (12,809, 23,500)) against
Axon Peptide 108 (the tau epitope in AADvac1) after the initial
six doses (week 24, n = 114). Boosters were effective at maintaining this response. In the intervals between booster vaccinations
(14 weeks after the sixth dose or previous booster), geometric mean
titers declined to a mean of 52% of the response measured 4 weeks
after the sixth dose or last booster and were restored to previous
levels by booster doses. Responder rate (percentage of patients with
IgG titer more than lower limit of quantitation) was 96.5% at the
end of the initial six-dose regimen and 98.3% overall (Fig. 2a). The
titers corresponded quantitatively to a geometric mean response of
1.959 μg ml−1 of induced IgG (95% CI (1.596, 2.405)) after six doses
(Fig. 2b), as measured by quantitative ELISA. Younger patients
displayed a tendency to produce higher antibody titers (Pearson
r −0.2335 (95% CI −0.4119, −0.03785), P = 0.0200; Spearman
r = −0.1407, 95% CI (−0.3343, 0.06420)) (Extended Data Fig. 2).
Antibody levels in the serum and CSF correlate closely (Extended
Data Fig. 3). The IgG subclass assessment was performed crosssectionally after 4–5 doses. The response in tested patients (n = 13)
was IgG1-dominated, with 12 of 13 patients producing mostly
or exclusively antibodies of the IgG1 isotype. The IgG response
consisted of 64.97% (54.41, 77.57) IgG1, 0.22% (0.05, 0.91) IgG2,
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Table 1 | Baseline demographics (FAS)
AADvac1 (n = 116)

Placebo (n = 77)

Total (n = 193)

Age (years) (mean, s.d.)

70.5 (8.33)

72.7 (6.86)

71.4 (7.83)

Time since AD diagnosis (months)
(mean, s.d.)

24.4 (25.57)

24.6 (16.90)

24.5 (22.47)

Sex (% male/female)

47.4/52.6

41.6/58.4

45.1/54.9

Ethnic origin (%)

White: 100.0

White: 100.0

White: 100.0

Education (years) (mean, s.d.)

12.9 (3.49)

12.2 (3.33)

12.6 (3.44)

Concomitant AChEI treatment (n, %)

116 (100.0)

77 (100.0)

193 (100.0)

Concomitant memantine treatment (n, %)

17 (14.7)

12 (15.6)

29 (15.0)

MMSE (mean, s.d.)

23.0 (1.90)

23.2 (1.95)

23.1 (1.91)

CDR-SB (mean, s.d.)

4.4 (2.08)

4.5 (2.43)

4.4 (2.22)

APOE4 (n, %)

Noncarrier: 47 (40.5%)
Heterozygote: 56 (48.3%)
Homozygote: 13 (11.2%)

Noncarrier: 26 (33.8%)
Heterozygote: 39 (50.6%)
Homozygote: 12 (15.6%)

Noncarrier: 73 (37.8%)
Heterozygote: 95 (49.2%)
Homozygote: 25 (13.0%)

Hippocampal atrophy score (n, %)

Scheltens 0: 0 (0%)
Scheltens 1: 3 (2.6%)
Scheltens 2: 68 (58.6%)
Scheltens 3: 36 (31.0%)
Scheltens 4: 9 (7.8%)

Scheltens 0: 0 (0%)
Scheltens 1: 0 (0%)
Scheltens 2: 49 (63.6%)
Scheltens 3: 21 (27.3%)
Scheltens 4: 7 (9.1%)

Scheltens 0: 0 (0%)
Scheltens 1: 3 (1.6%)
Scheltens 2: 117 (60.6%)
Scheltens 3: 57 (29.5%)
Scheltens 4: 16 (8.3%)

White matter lesion score (n, %)

Fazekas 0: 16 (13.8%)
Fazekas 1: 71 (61.2%)
Fazekas 2: 29 (25.0%)
Fazekas 3: 0 (0%)

Fazekas 0: 12 (15.6%)
Fazekas 1: 49 (63.6%)
Fazekas 2: 16 (20.8%)
Fazekas 3: 0 (0%)

Fazekas 0: 28 (14.5%)
Fazekas 1: 120 (62.2%)
Fazekas 2: 45 (23.3%)
Fazekas 3: 0 (0%)

NfL in plasma (pg ml−1, mean and 95% CI)

21.08 (19.47,22.68)

20.56 (19.05,22.08)

20.76 (19.67,21.86)

AChEI, acetylcholinesterase inhibitor; MMSE, mini mental state examination; NfL, neurofilament light chain protein.

18.80% (7.24, 48.86) IgG3 and 0.04% (0.03, 0.06) IgG4 (geometric
mean, 95% CI) (Extended Data Fig. 4).
Secondary end-point results for clinical outcomes. Placebo-verum
differences in clinical outcome measures were evaluated in the FAS
(AADvac1 n = 100, placebo n = 63 at week 104) by a predefined
analysis of covariance (ANCOVA) model with stepwise selection
(Table 3) with treatment group, pooled country, sex, age, years of
education, APOE4 status, baseline MRI hippocampal volume, baseline Clinical Dementia Rating-Sum of the Boxes (CDR-SB) scale
and baseline of the given assessment as covariates.
None of the comparisons was statistically significant at the level
of P = 0.05. In summary, neither positive nor negative effects of
AADvac1 treatment on cognition and function were detectable in
this sample.
Exploratory analyses on fluid biomarker and neuroimaging
measurements. Plasma levels of neurofilament light-chain protein
(NfL), an emerging biomarker of ongoing neurodegeneration and
a promising prognostic marker of AD dementia29, were balanced
between the groups at baseline (Fig. 3a). On the FAS completers,
AADvac1 treatment induced separation between the AADvac1treated and the placebo arm. The mean change from baseline (95%
CI) in the AADvac1 group was 2.10 (0.99, 3.19) pg ml−1 (n = 100),
corresponding to a 12.6% increase over 104 weeks; in the placebo group, the change was 4.93 (3.31, 6.55) pg ml−1 (n = 63),
a 27.7% increase over 104 weeks (two-sample t-statistic = −2.893,
d.f. = 117.66, P = 0.0046, mean difference = −2.84, 95% CI (−4.78,
−0.89). The mean difference adjusted for baseline NfL levels = −2.79,
95% CI (−4.65, −0.93) pg ml−1, t-statistic = −2.9639, d.f. = 160,
P = 0.0035. This difference translates to a standardized effect size of
Cohen’s d = −0.481 (−0.804, −0.164) and a relative attenuation in
NfL increase over time of 58% in comparison to placebo (Fig. 3b).

We explored the possible effect of AADvac1 on the levels of
CSF tau biomarkers in all patients who provided both baseline and
end-of-study samples (n = 27, AADvac1 n = 20, placebo n = 7).
Reductions in all investigated CSF tau markers were observed in
the AADvac1-treated group in comparison to placebo, with mode
rate to large effect sizes; after baseline adjustments a statistically
significant reduction was observed for tau species phosphorylated
on Thr217 and trends P < 0.1 on tau species phosphorylated on
Thr181 and total tau. All analyses list the ANCOVA P value, with
treatment and baseline values for the respective biomarkers used as
covariates (Table 4 and Extended Data Fig. 5). Change in CSF tau
biomarkers by APOE genotype is shown in Extended Data Fig. 6.
The impact of AADvac1 treatment on amyloid-β1–40 and neurogranin in the CSF was minor and no difference was observed on
amyloid-β1–42 (Extended Data Fig. 7).
In FAS completers, no meaningful difference in brain atrophy
rates between AADvac1-treated and placebo-treated group was
observed in volumetric analyses (n = 163; 7 MRIs were not evaluable due to movement artifacts). The following regions of interest were pre-specified as exploratory end points and percentage
volume change from baseline at week 104 evaluated via mixed
model with repeated measures (MMRM) analysis (AADvac1 n = 95,
placebo n = 61): whole brain (least squares (LS) mean (s.e.m.)
0 (0.313), 95% CI (−0.62, 0.61), P = 0.991); left hippocampus
(LS mean (s.e.m.) −0.28 (0.711), 95% CI (−1.68, 1.12), P = 0.696);
right hippocampus (LS mean (s.e.m.) −0.71 (0.694), 95% CI (−2.08,
0.66), P = 0.310); left entorhinal cortex (LS mean (s.e.m.) 0.22
(1.289), 95% CI (−2.32, 2.77), P = 0.862); and right entorhinal cortex (LS mean (s.e.m.) 0.07 (1.395), 95% CI (−2.68, 2.82), P = 0.960.
Similarly, no significant difference was observed on regions of interest evaluated as research objectives (whole cortex, lateral ventricles,
frontal cortex, temporal cortex, occipital cortex, parietal cortex and
basal ganglia).
Nature Aging | www.nature.com/nataging
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Table 2 | Adverse events by SOC, observed in ≥5% of the trial participants
SOC

AADvac1

Placebo

Total

Preferred term

(N = 117)

(N = 79)

(N = 196)

n (%) [E]

n (%) [E]

n (%) [E]

All TEAEs

99 (84.6) [827]

64 (81.0) [503]

Infections and infestations

52 (44.4) [125]

44 (55.7) [77]

Nasopharyngitis

19 (16.2) [34]

12 (15.2) [15]

31 (15.8) [49]

Urinary tract infection

14 (12.0) [21]

12 (15.2) [22]

26 (13.3) [43]

Logistic regression
odds ratio (P value)

Risk difference in %
(upper bound of 90% CI)

163 (83.2) [1,330]

1.30 (0.517)

3.79 (10.904)

96 (49.0) [202]

0.60 (0.092)

−11.02 (−1.844)

0.92 (0.796)

−1.74 (7.134)

0.93 (0.821)

−0.51 (8.330)

1.08 (0.821)

2.70 (11.111)

1.41 (0.331)

7.58 (15.444)

1.18 (0.639)

2.59 (10.530)

1.40 (0.379)

4.57 (11.814)

1.14 (0.733)

2.49 (9.804)

Upper respiratory tract infection

9 (7.7) [14]

7 (8.9) [9]

16 (8.2) [23]

Investigations

41 (35.0) [106]

29 (36.7) [65]

70 (35.7) [171]

N-terminal prohormone brain
natriuretic peptide increased

11 (9.4) [12]

4 (5.1) [4]

15 (7.7) [16]

Blood folate decreased

7 (6.0) [7]

7 (8.9) [7]

14 (7.1) [14]

Fibrin D dimer increased

7 (6.0) [8]

10 (12.7) [12]

17 (8.7) [20]

Nervous system disorders

41 (35.0) [125]

28 (35.4) [60]

69 (35.2) [185]

Headache

22 (18.8) [55]

13 (16.5) [23]

35 (17.9) [78]

Dizziness

12 (10.3) [17]

9 (11.4) [10]

21 (10.7) [27]

Gastrointestinal disorders

36 (30.8) [80]

22 (27.8) [56]

58 (29.6) [136]

Vomiting

9 (7.7) [14]

2 (2.5) [5]

11 (5.6) [19]

Diarrhea

8 (6.8) [10]

10 (12.7) [14]

18 (9.2) [24]

Nausea

7 (6.0) [18]

5 (6.3) [9]

12 (6.1) [27]

Psychiatric disorders

33 (28.2) [67]

16 (20.3) [30]

49 (25.0) [97]

Depression

7 (6.0) [7]

3 (3.8) [3]

10 (5.1) [10]

Confusional state

6 (5.1) [7]

0

6 (3.1) [7] *

Musculoskeletal and connective
tissue disorders

30 (25.6) [45]

18 (22.8) [35]

48 (24.5) [80]

Arthralgia

7 (6.0) [7]

3 (3.8) [5]

10 (5.1) [12]

Back pain

7 (6.0) [8]

5 (6.3) [8]

12 (6.1) [16]

Injury, poisoning and procedural
complications

25 (21.4) [45]

13 (16.5) [17]

38 (19.4) [62]

Contusion

7 (6.0) [9]

3 (3.8) [3]

10 (5.1) [12]

General disorders and administration
site conditions

24 (20.5) [44]

14 (17.7) [28]

38 (19.4) [72]

Fatigue

13 (11.1) [25]

6 (7.6) [13]

19 (9.7) [38]

Skin and subcutaneous tissue
disorders

18 (15.4) [30]

7 (8.9) [9]

25 (12.8) [39]

1.88 (0.189)

6.09 (12.137)

Renal and urinary disorders

17 (14.5) [29]

10 (12.7) [15]

27 (13.8) [44]

1.15 (0.741)

1.55 (7.989)

Cardiac disorders

16 (13.7) [23]

14 (17.7) [29]

30 (15.3) [52]

0.80 (0.586)

−4.23 (2.659)

Metabolism and nutrition disorders

15 (12.8) [19]

7 (8.9) [9]

22 (11.2) [28]

1.52 (0.390)

3.57 (9.409)

Vascular disorders

15 (12.8) [25]

15 (19.0) [24]

30 (15.3) [49]

0.65 (0.282)

−6.31 (0.635)

Hypertension

11 (9.4) [15]

6 (7.6) [8]

17 (8.7) [23]

Respiratory, thoracic and mediastinal
disorders

14 (12.0) [21]

12 (15.2) [15]

26 (13.3) [36]

0.78 (0.569)

−3.44 (3.077)

Eye disorders

10 (8.5) [17]

7 (8.9) [10]

17 (8.7) [27]

0.92 (0.881)

−0.63 (4.810)

Ear and labyrinth disorders

6 (5.1) [6]

3 (3.8) [5]

9 (4.6) [11]

Neoplasms benign, malignant and
unspecified (incl. cysts and polyps)

6 (5.1) [9]

2 (2.5) [3]

8 (4.1) [12]

Blood and lymphatic system
disorders

5 (4.3) [5]

6 (7.6) [6]

11 (5.6) [11]

Hepatobiliary disorders

3 (2.6) [3]

2 (2.5) [2]

5 (2.6) [5]

Reproductive system and breast
disorders

3 (2.6) [3]

4 (5.1) [4]

7 (3.6) [7]
Continued
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Table 2 | Adverse events by SOC, observed in ≥5% of the trial participants (Continued)
SOC

AADvac1

Placebo

Total

Preferred term

(N = 117)

(N = 79)

(N = 196)

n (%) [E]

n (%) [E]

n (%) [E]

Logistic regression
odds ratio (P value)

Immune system disorders

0

2 (2.5) [2]

2 (1.0) [2]

Product issues

0

1 (1.3) [1]

1 (0.5) [1]

Surgical and medical procedures

0

1 (1.3) [1]

1 (0.5) [1]

Risk difference in %
(upper bound of 90% CI)

AEs were coded using MedDRA, v.21.1. Events that were classified as ISRs are not included in this table. AEs are shown by incidence in the AADvac1 arm in descending order, if seen in ≥5% of trial
participants (n ≥ 10) or if a significant difference in incidence was observed, regardless of allocation. For SOC with no AEs ≥ 5%, only the overall incidence is shown; for SOC with overall incidence of
AEs < 5%, no formal statistical comparison is made. *Incidence significantly different at P < 0.05. Logistic regression (with age, sex and pooled country as covariates) two-sample Wald test P values are
listed for all SOC where ≥5% of patients experienced an AE, null hypotheses about adjusted odds ratio are tested against two-sided alternatives, P values are not corrected for multiplicity. Empirical
one-sided Wald 90% CI for risk difference (with upper bound) is also shown. TEAE, treatment-emergent adverse event; [E], total number of occurrences of the given AE.

b

100,000
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Fig. 2 | Antibody response over 104 weeks of AADvac1 treatment indicates robust immunogenicity. a, AADvac1 treatment induces progressively higher
antibody titers with each of the initial six doses. Achieved antibody levels are maintained by boosters at 3-month intervals. AADvac1 was administered at
weeks 0, 4, 8, 12, 16, 20, 34, 48, 62, 76 and 90 (violet triangles on x axis). b, Antibody levels as measured by quantitative ELISA display the same pattern
as the titer measurement. Descriptive statistics and sample sizes for each visit are shown in Supplementary Tables 19 and 20. Thick vertical lines and error
bars indicate geometric mean and 95% CI. Boxes indicate median and quartiles. Whiskers indicate 1.5× interquartile range (IQR). Values in the AADvac1
group are shown (FAS, n = 116 at week 4, n = 114 at week 24, n = 99 at week 104; one sample each at weeks 94 and 104 was not evaluable); no quantifiable
response to Axon Peptide 108 was observed in the placebo arm.

Fractional anisotropy (FA) and mean diffusivity (MD) were evaluated using diffusion tensor imaging as measures of white matter
organization and integrity; baseline and end-of-study diffusion tensor imaging (DTI) sequences were not an obligatory part of the MRI
protocol and were recorded in 20 patients of the FAS (AADvac1
n = 13, placebo n = 7). A reduction of FA and an increase in MD
occurs during the neurodegenerative process as tissue organization
deteriorates and barriers to diffusion decay. Compared to placebo,
treatment with AADvac1 stabilized FA and MD in the fornix, a
white matter tract that is highly relevant in AD as it originates from
the hippocampus. Similar stabilization of FA and MD, although
not statistically significant, was seen in the corpus callosum,
with a fronto-dorsal gradient (Table 4 and Extended Data Fig. 8;
change in DTI measures by APOE genotype is shown in Extended
Data Fig. 9).
Post hoc analyses on a subgroup of patients predicted to have
both amyloid and tau pathology
AD core CSF biomarker analysis of the patients’ CSF samples
available at baseline (n = 46) showed that 33% did not fulfill AD
diagnostic criteria (total tau protein > 400 pg ml−1, p-tau T181
protein > 60 pg ml−1, Aβ42 < 600 pg ml−1), with 13 patients failing
only pT181 cutoff and 2 patients failing both amyloid-β and pT181
cutoffs. This indicated that out of the majority of patients recruited

solely on MRI criteria (Scheltens score) a sizable portion might not
fulfill AD CSF biomarker cutoffs.
As the study population contained a mixture of patients who
were positive or negative for the AD biomarker, a multimodal classifier combining structural MRI, demography and clinical modalities30–32 was utilized to identify a subset of patients most likely to be
positive for amyloid and tau pathology. In this subgroup post hoc
analysis (AADvac1 n = 62 (54 completers), placebo n = 47 (39 completers)), a slower clinical and functional decline as measured by
the CDR-SB and Alzheimer’s Disease Cooperative Study (ADCS)mild cognitive impairment (MCI)-Activities of Daily Living (ADL)
scales was observed. The effect on NfL was also replicated in this
subgroup; MRI volumetry analyses were inconclusive (Table 5).

Discussion

The ADAMANT study was designed to evaluate the safety and tolerability (primary objective), immunogenicity and clinical efficacy
(secondary objectives) and fluid and imaging biomarkers (exploratory and research objectives) of the active tau vaccine AADvac1 in
patients with mild AD.
The study shows that AADvac1 treatment was well tolerated
over the 104-week study period. This finding was independently
confirmed by a DSMB that monitored the safety of the vaccine for
Nature Aging | www.nature.com/nataging
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Table 3 | Clinical outcomes and biomarker outcomes (FAS)
FAS group (clinical outcomes, secondary end points)
Change from baseline
(104w)

AADvac1 (n) placebo (n) AADvac1 (mean Placebo (mean Adjusted mean 95% CIa
change)
change)
differencea

P valuea

Cohen’s d

CDR-SB

97

61

3.077

3.164

−0.3600

CCB8 score

90

56

−0.303

−0.231

0.0008

(−1.306, 0.589)

0.456

−0.028

(−0.169, 0.172)

0.993

−0.138

ADCS-MCI-ADL 24

96

61

−11.104

−9.639

1.1000

(−1.760, 3.900)

0.457

−0.124

ANCOVA, adjusted as per Supplementary Section 9. For all analyses, the completers in the FAS (AADvac1 n = 100, placebo n = 63) who possess a baseline and end-of-study value for the given assessment
were used. Due to progression of dementia, some patients were not able to complete the cognitive battery and/or CDR-SB; ADL assessment is missing in some patients due to unavailability of the
caregiver. Two-sided Wald 95% CI of adjusted mean difference, null hypotheses about adjusted mean difference are tested against two-sided alternatives, P values are not corrected for multiplicity.

a

a

b

50

Placebo

40
Plasma NfL (pg ml–1)
change from baseline

Plasma NfL
L at baseline (pg ml–1)

6

30

20

4

2

10
0
AADvac1

Placebo

0

24

52

104

Weeks

Fig. 3 | AADvac1 treatment significantly slowed the increase in levels of plasma NfL. a, Neurofilament light-chain levels in plasma are balanced between
study arms at baseline. The y axis is truncated at 50 pg ml−1. Filled circles and thick vertical lines indicate mean and 95% CI. Boxes indicate median and
quartiles. Whiskers indicate 1.5 × IQR. Three outliers (one in the AADvac1 group (65.9 pg ml−1) and two in the placebo group (64.4 and 134.8 pg ml−1)) are
not shown. b, AADvac1-treatment mitigates the neurofilament light-chain protein (NfL) increase over time, suggesting a slowing of neurodegeneration.
Change from baseline (mean, two-sided Wald 95% CI of mean) are shown; AADvac1, n = 100; placebo, n = 63 (FAS, completers); ANCOVA adjusted for
baseline NfL, 95% CI −4.6469, −0.9305; t-statistic = −2.9639; d.f. = 160; P = 0.0035; Cohen’s d = −0.4811.

the duration of study. Notably, no clinically significant adverse findings were attributable to AADvac1 with respect to laboratory tests
or physical assessment. Confusion (transient in all but one case) was
observed in six AADvac1-treated patients. As confusion naturally
occurs in patients with AD, a larger study is required to evaluate
whether this is an adverse reaction or a chance observation; currently it constitutes a potential risk of moderate importance. The
only AEs clearly associated with AADvac1 treatment were ISRs,
which are to be expected with subcutaneous injection of an immunogen with aluminum hydroxide adjuvant. Patients treated with
placebo (adjuvant in buffer) also displayed these reactions, albeit
at a lower frequency; thus, placebo was efficient at masking treatment allocation. The excellent safety profile of AADvac1 makes
it suitable for longer studies of prevention in at-risk individuals
with biomarker evidence of the AD pathophysiological process.
Asymptomatic carriers of dominant AD mutations in the amyloid
pathway (APP, PSEN1 or PSEN2) could also benefit from preventive
AADvac1 treatment, as the onset and progression of clinical symptoms in these patients align with propagation of tau pathology33,34.
The secondary end points (CDR-SB, custom cognitive battery
(CCB) assessing multiple domains of cognition and ADCS-MCIADL) did not show significant benefit to treated patients in the entire
study sample. With 193 patients in the FAS, the study was powered
to detect only large effects on clinical end points. Furthermore, of
46 patients who consented to the collection of CSF, 33% did not
fulfill criteria for AD diagnostic biomarkers, predominantly failing
Nature Aging | www.nature.com/nataging

to meet total tau and phospho-tau cutoffs. This analysis showed that
the therapeutic target, tau protein pathology, was not present in all
ADAMANT patients. In a post hoc attempt to analyze the effect of
AADvac1 treatment on patients with AD pathophysiology, we took
advantage of a multimodal classifier prediction model developed
recently (based on the algorithm presented elsewhere35) and identified 109 patients (93 completers) who were most likely to be positive
for both amyloid and tau biomarkers. In this amyloid- and tau-positive group, we observed an effect on CDR-SB and ADCS-MCI-ADL,
as well as plasma NfL, which suggests that treatment may slow down
cognitive and functional decline in patients with AD having both
amyloid and tau pathology and perhaps, fewer comorbidities. We
recognize that these post hoc analyses come with important limitations as they were not pre-specified in the clinical study protocol
and were not corrected for multiplicity testing. These results must
therefore be interpreted with caution and will require confirmation
in future clinical development.
AADvac1 elicited production of high levels of antibodies
in the elderly AD population with an overall responder rate of
98.3% over the course of study. The almost universal seroconversion is in contrast with numerous studies reporting high failure
rates of vaccination against influenza, pneumococcal pneumonia
and herpes zoster in the elderly36. The overall impact of patient
age on AADvac1-induced IgG response was minor, although the
best responders were found in the younger segment of the study
population. Sera from our phase 1 study patients showed that the
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Table 4 | Fluid biomarker assessments and neuroimaging measurements
FAS group (biomarker outcomes, exploratory and research end points)
Change from baseline
(104w)

AADvac1 placebo
(n)
(n)

AADvac1 (mean Placebo (mean Adjusted mean
change)
change)
differencea

95% CIa

P valuea

Cohen’s d

Plasma NfL (pg ml−1)

100

63

4.929

−2.789

(−4.647, −0.931)

0.00350

−0.4811

Total cortex volume (%)

93

61

−3.147

−3.056

−0.089

(−1.354, 1.176)

0.88981

−0.0235

Temporal cortex
volume (%)

93

61

−5.755

−5.843

0.122

(−1.407, 1.651)

0.87488

0.0185

Total hippocampal
volume (%)

93

61

−8.726

−8.068

−0.863

(−2.271, 0.546)

0.22827

−0.1508

Lateral ventricles
volume (%)

93

58

18.877

17.994

1.038

(−2.518, 4.595)

0.56481

0.0813

−0.048

2.094

FA fornix

13

7

0.030

MD fornix (10−3 mm2 s−1)

13

7

−0.194

FA genu CC

0.079
−0.298

0.191

(0.029, 0.128)

0.00361

1.9261

(−0.637, 0.041)

0.08135

−1.3254

13

7

0.003

−0.028

0.023

(−0.008, 0.055)

0.13324

0.9732

MD genu CC (10−3 mm2 s−1) 13

7

0.015

0.073

−0.053

(−0.11, 0.005)

0.07097

−1.0913

CSF p-tau T181 (pg ml−1)

20

7

−6.288

0.286

−8.126

(−17.908, 1.657)

0.09935

−0.5749

CSF p-tau T217 (pg ml )

19

7

−34.448

30.164

−69.253

(−119.182, −19.323)

0.00867

−0.9474

CSF t-tau (pg ml−1)

20

7

−9.931

63.786

−71.836

(−148.189, 4.516)

0.06399

−0.8963

−1

ANCOVA, adjusted for baseline value of the given assessment. For all analyses, completers in the FAS (AADvac1 n = 100, placebo n = 63) who possess a baseline and end-of-study value for the given
assessment were used. In some patients, movement artifacts precluded the evaluation of volumetry. A total of 20 patients provided baseline and end-of study DTI sequences; a total of 27 patients
provided both baseline and end-of-study CSF samples. In one patient, the pT217 marker could not be evaluated because samples were depleted. Two-sided Wald 95% CI of adjusted mean difference, null
hypotheses about adjusted mean difference are tested against two-sided alternatives, P values are not corrected for multiplicity. Four statistical comparisons were made for DTI, 6 for CSF biomarkers and 12
for MRI volumetry. CC, corpus callosum.

a

Table 5 | Post hoc analyses on an algorithm-defined amyloid- and tau-positive subgroup of patients with AD
Algorithm-defined amyloid- and tau-positive subgroup
AADvac1
(mean change)

Placebo (mean Adjusted mean 95% CIa
change)
differencea

P valuea

Cohen’s d

(−2.32, −0.01)

0.04809

−0.273

(−0.78, 3.48)

0.21000

0.129

(0.23, 8.28)

0.03874

0.216

(−5.91, −0.79)

0.01078

−0.585

(−0.777, 2.436)

0.30741

0.120

1.023

(−0.881, 2.926)

0.28828

0.176

−8.931

−0.488

(−2.324, 1.348)

0.59836

−0.122

20.919

−1.563

(−5.251, 2.124)

0.40134

−0.162

Change from baseline (104w)

AADvac1 placebo
(n)
(n)

CDR-SB

53

38

3.24

4.08

−1.17

MMSE score

53

37

−5.68

−6.38

1.35

ADCS-MCI-ADL 24

52

37

−10.92

−13.24

4.25

Plasma NfL (pg ml−1)

54

39

1.91

5.51

−3.35

Total cortex volume (%)

51

37

−3.459

−3.940

0.830

Temporal cortex volume (%)

51

37

−6.207

−7.038

Total hippocampal volume (%)

51

37

−9.448

Lateral ventricles volume (%)

51

34

19.238

ANCOVA, adjusted for baseline value of the given assessment, age and baseline plasma NfL. Two-sided Wald 95% CI of adjusted mean difference, null hypotheses about adjusted mean difference are
tested against two-sided alternatives. P values are reported without correction for multiplicity and the number of comparisons was 4 for clinical assessments and 12 for MRI volumetry assessments.

a

affinity of AADvac1-induced antibodies was pronouncedly higher
for pathological tau than for physiological tau26,27. Upon binding,
these antibodies are expected to inhibit tau aggregation by interfering with the assembly process of AD tau filaments22 and protect
healthy neurons from the entry of seeding-capable ‘tauons’ and
thus from propagation of tau pathology23. This is in line with several preclinical studies on passive tau immunotherapy, where antitau antibodies efficiently blocked tau spreading and thus reduced
tau pathology in animal models37,38. Our recent study showed that
serum antibodies label pathological tau for removal by microglia
via an FCγII–III receptor-dependent mechanism24. The antibodies thus intercept the crucial extracellular step of tau pathology
propagation and via binding and reducing the levels of seedingcapable tau should result in deceleration of the neurodegenerative
process17. Our current data are in line with previous findings from

phase 1 and indicate that AADvac1-induced antibodies are mainly
IgG1 and IgG3 isotypes, which both strongly engage Fc receptors27. In contrast, the Fc fragment of the antibody is probably not
involved in the mechanism of action of several humanized IgG4
anti-tau antibodies, such as ABBV 8E12, RO7105705, UCB0107 or
BIIB092. Consequently, those compounds may have limited ability
to internalize extracellular tau via Fc receptors16.
Tau and p-tau in CSF are established biomarkers of neurodegeneration and tau pathology, respectively39 and are used to assess
target engagement of tau-targeted drugs40. A statistically significant
effect was observed on pT217 tau; nonstatistically different trends
(P < 0.1) were observed on total tau and pT181 tau after baseline
levels of the respective biomarker were used as covariates in the
analysis. We and others have shown that CSF p-tau pT217 out
performs p-tau pT181 as a biomarker for AD. CSF p-tau217 also
Nature Aging | www.nature.com/nataging
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better mirrors tau pathology measured by PET imaging at different
AD stages41–44. The fact that the AADvac1 − placebo difference on
p-tau pT217 becomes more pronounced when baseline levels of
pT217 are taken into account further supports the hypothesis that
tau-targeting therapies are best employed in patients whose neurodegeneration is primary driven by tau pathology (those with high
p-tau levels), as opposed to patients with extensive non-AD pathology (such as limbic-predominant age-related TDP-43 encephalopathy45). In line with this, generally a more pronounced reduction in
pT217 was seen in AADvac1-treated patients with higher baseline
levels, whereas in patients with low baseline pT217, the levels of the
marker remained rather stable. Out of caution, we recognize that
these findings need to be corroborated in a larger dataset, as only
27 patients provided both baseline and end-of-study samples (CSF
collection was optional and a large number of patients were enrolled
in countries where willingness among patients to donate CSF is
very low). Thus, effect sizes are medium to large, but the confidence
intervals are wide. As expected, treatment did not have an effect on
amyloid biomarkers in CSF.
The effect on neurodegeneration, documented by CSF tau biomarkers, was also supported by findings in plasma, where AADvac1
reduced the levels of NfL protein. Plasma NfL is an emerging highly
responsive marker of the intensity of neurodegeneration46,47 and
was found to be predictive of future cognitive decline in sporadic29
and familial AD48. In addition, plasma NfL concentration correlates
with the load of neurofibrillary pathology in the brain, suggesting
that NfL in AD may specifically reflect neurodegeneration driven by
abnormal tau protein49. AADvac1 induced a progressive separation
of NfL levels between the AADvac1 and placebo arms. During the
study, NfL values in patients on placebo increased at rates reported
for patients with AD (ADAMANT, 27.7 %; Alzheimer’s Disease
Neuroimaging Initiative (ADNI) cohort, ~24%), while levels of
AADvac1-treated patients changed at rates usually seen in healthy
elderly individuals (ADAMANT, 12.6 %; ADNI cohort, ~14%)50.
The between-group difference increased progressively with the
duration of the treatment to a maximum of 58% difference over 2
years. The investigated fluid biomarkers, tau in the CSF and plasma
NfL, can be expected to respond more swiftly to disease-modifying treatments than disease indicators with greater inertia, such as
imaging and clinical end points.
Additionally, DTI findings indicate that the vaccine may attenuate white matter degeneration. DTI seems to be a highly sensitive
measure of white matter integrity in AD51. Specifically, this loss of
structure is most likely driven by tau pathology, as healthy tau protein dynamics are essential in maintaining the cytoskeleton and axonal integrity and transport19,52; also, similar integrity loss is seen in
non-AD tauopathies, such as chronic traumatic encephalopathy53,54.
The fornix, being a major hippocampal projection, can be expected to
manifest these changes early and pronouncedly in AD. Both measures
of white matter integrity were stable or showed slight improvement
in AADvac1-treated patients, whereas a deterioration was observed
in placebo-treated individuals. The differences in FA and MD were
statistically significant for the fornix, whereas a trend was observed
in the corpus callosum. However, these findings are based on the data
available from a small subset of patients and thus need to be interpreted cautiously and confirmed in future clinical development.
There are other limitations of the present study. The sample size
calculation was not optimal for the safety evaluation in a parallel
group setting, as the original calculation was based on comparing
the incidence of AEs in the AADvac1 group to 0. However, post hoc
power calculations based on non-inferiority (AADvac1 and placebo
difference ε = 7%, non-inferiority margin δ = 15%) give a similar
power in a parallel-arm setting (162 patients in total to achieve a
power of 80%). This affects the study’s statistical power, but not the
safety assessment itself; the safety analysis remains valid, indicating a benign safety profile of AADvac1. Furthermore, we did not
Nature Aging | www.nature.com/nataging

observe direct correlations between the area under the curve (AUC)
of antibody response and efficacy outcomes. A likely confounder
of this analysis was the high inter-patient variability of the CSFto-serum ratio of the AADvac1-induced antibodies (0.10–0.58%
after 1 year of treatment and 0.16–0.96 % after 2 years of treatment)
(Supplementary Table 22). CSF antibody concentration might
be used as an approximate measure of antibodies penetrating the
blood–brain barrier. The observed high CSF-to-serum ratio variability in patients who underwent lumbar puncture can be expected
to be present also in other patients in the study, thus limiting analyses of correlation between the AUC of serum antibodies and cognitive outcomes or MRI. Additionally, we were not able to account for
important covariates that can be expected to affect the relationship
between antibody response and disease progression, such as the
level of seeding-capable tau moieties in the patients’ brains, which is
also likely to differ between patients17. The biomarker data and MRI
prediction model indicate that we enrolled a relatively high proportion of patients with non-AD dementia. This points to the need to
better stratify patients in future clinical trials by using either PET,
blood or CSF biomarkers to target the population with tau pathology and to obtain CSF data in more individuals; a limitation of the
present study is that longitudinal CSF biomarker data were available
only in a fraction of individuals. Similarly, DTI results are available
only for a small subset. Finally, without correcting for multiplicity,
the study was powered to detect effect sizes of 0.5 and greater on
cognitive and functional outcomes, which corresponds to a ~47%
slowing down of decline, as measured by the CDR-SB55, a rather
optimistic assumption. The study was not powered to detect smaller
but still-relevant effects (0.2–0.25); this would require a sample size
that is utilized in phase 3 AD studies (approximately 700–1,300,
depending on power and anticipated dropout).
Together, the preclinical and clinical data support further development of AADvac1. Adequately powered phase 3 studies will be
required to attempt to replicate biomarker effects on larger sample sizes and to draw robust conclusions about clinical efficacy of
AADvac1.

Methods

Trial design and oversight. The study was conducted at 41 sites in Austria, Czech
Republic, Germany, Poland, Romania, Slovakia, Slovenia and Sweden.
The study was a randomized, double-blinded, parallel-arm, placebocontrolled trial.
Following a screening period of up to 6 weeks, patients were randomized
between AADvac1 and placebo in a 3:2 ratio and observed for 104 weeks.
A safety follow-up was performed 4 weeks after the end-of-study visit
(18 weeks after the last dose of treatment). The clinical protocol is available in
Supplementary Data 1.
Ethics. All patients and their caregivers provided written informed consent before
study procedures. The study complied with the pertinent International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for Human Use
guidelines and the Declaration of Helsinki. The study was approved by the pertinent
ethics committees and competent authorities (see Supplementary Section 2.1 for
full list). Study registration details were EudraCT 2015-000630-30 (https://www.
clinicaltrialsregister.eu/ctr-search/search?query=AC-AD-003, EudraCT start date
26 November 2015); ClinicalTrials.gov identifier NCT02579252. EudraCT is the
official record; the NCT register is incomplete because of author omission.
Period of data collection. First screening: 10 May 2016
First randomization: 16 June 2016
Last end-of-study visit: 25 May 2019
Last safety follow-up: 25 June 2019
Role of the funding source. AXON Neuroscience was involved in the design of
the study; in the collection, analysis and interpretation of data; and in the writing
of this report. The corresponding author had full access to all data and had final
responsibility for submission of the report for publication.
Randomization and treatment masking. Patients were randomized via an
interactive web-based response system provided by Cenduit GmbH, Switzerland.
The AADvac1: placebo randomization ratio was 3:2. The randomization block
size was 10.
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AADvac1 and placebo vials were identical in appearance. Each vial was labeled
with a unique identifier code assigned by the independent vendor and the specific
vial to be administered to a given patient at a given visit was allocated before
administration by the interactive web-based response system.
Patients, caregivers, investigators, outcome assessors and all other personnel
involved in trial conduct were blinded to treatment allocation.
Interventions. Investigational medicinal product and treatment regimen. Each dose
of AADvac1 consisted of 40 μg Axon Peptide 108 (tau 294-305/4R with N-terminal
cysteine, amino acid sequence CKDNIKHVPGGGS) coupled to keyhole limpet
hemocyanin via a maleimide linker, adjuvanted with aluminum hydroxide
(containing 0.5 mg Al³+) in a phosphate buffer volume of 0.3 ml. The design of the
vaccine has been described in detail previously25.
Patients received a total of 11 doses, divided into an initial treatment regimen
of 6 doses at 4-week intervals, followed by 5 booster doses administered at 14-week
intervals.
The investigational medicinal product (IMP) was injected subcutaneously.
Placebo. Patients assigned to placebo received aluminum hydroxide (containing
0.5 mg Al³+) in a phosphate buffer volume of 0.3 ml.
Eligibility criteria. The study enrolled patients with a diagnosis of probable AD
according to the revised National Institute on Aging/Alzheimer’s Association
criteria56, an MMSE total score ≥20 and ≤26, a brain MRI consistent with the
diagnosis of AD and evidence of the AD pathophysiological process (one or both
of the following): (1) medial temporal lobe atrophy on brain MRI (a Scheltens score
of ≥2 on a scale of 0–4 on the more atrophied side), (2) positive AD biomarker
signature in the CSF (total tau protein >400 pg ml−1 and pT181 tau protein
>60 pg ml−1 and Aβ42 < 600 pg ml−1 and Aβ42:Aβ40 ratio <0.089). Patients were
aged 50–85 years inclusive. Stable therapy with an acetylcholinesterase inhibitor for
at least 3 months before screening was required; memantine treatment was allowed
if the dose regimen was stable for at least 3 months before screening.
Excluded from participation were patients with central nervous system
disorders other than AD that could be the cause of dementia; immunodeficiency,
clinically relevant autoimmune disease, current or expected immunosuppressive
or immunomodulatory treatment; MRI abnormalities such as infarction in the
territory of large vessels, more than one lacunar infarct or any lacunar infarct in a
strategically important location, confluent hemispheric deep white matter lesions
(Fazekas grade 3) or other focal lesions that may be responsible for the cognitive
status of the patient; severe comorbidities such as recent cancer, recent myocardial
infarction, poorly controlled diabetes, poorly controlled congestive heart failure,
severe renal insufficiency, relevant psychiatric illness, epilepsy, chronic liver
disease, chronic infectious disease (hepatitis B, hepatitis C, HIV or syphilis);
uncorrected hypothyroidism or B12 hypovitaminosis.
See Supplementary Section 3 for full verbatim listing of eligibility criteria.
End points and objectives. Primary end point. Safety. Pre-specified analysis
encompassed the comparison of overall incidence of AEs and SAEs between the
AADvac1 and placebo arm and the comparisons of AE incidence for each SOC.
A separate analysis was pre-specified for expected ISRs. Post hoc comparisons at
the preferred term (PT) level were performed where suggested by the DSMB.
Reports of AEs were obtained by nondirective questioning from patients and
their caregivers and by reviewing the patient’s diary. A structured neurological
and physical examination was conducted by the investigators at each visit.
Vital signs were assessed at every visit and 1 h after AADvac1 administration.
Standard laboratory panels (biochemistry, coagulation, hematology) and dipstick
urinalysis were performed at each visit. Investigators reported clinically relevant
abnormalities as AEs.
A standard ECG was performed at screening and weeks 12, 24, 52, 80 and 104.
Safety MRIs were performed at 6-month intervals and each scan was assessed
in parallel by the investigator and the Sponsor’s radiologist. A manual review of
all MRIs was performed by the Sponsor to quantify the incidence of MHs in all
patients who had a post-baseline MRI (AADvac1 n = 114, placebo n = 75).
Accruing safety data were reviewed approximately every 6 months by an
independent DSMB.
Secondary end points. Mean change in CDR-SB score over 104 weeks; mean change
in CCB composite z score over 104 weeks; mean ADCS-MCI-ADL score over 104
weeks; and geometric mean antibody response at each post-baseline visit.
Exploratory and research end points and objectives. The exploratory and research
end points and objectives are as follows. Mean change in CSF biomarkers from
baseline to week 104; mean change in hippocampal volume, entorhinal cortex
volume, whole brain volume and a range of other regions of interest from screening
to week 104; mean change in brain metabolism as measured by fluorodeoxyglucose
PET over 104 weeks; mean change in individual domains of cognition of the
CCB from baseline to week 104; mean change in MMSE score from screening to
week 104; correlation between AUC of IgG antibody titer to Axon Peptide 108
and change in efficacy and biomarker assessments; mean change in white matter

Nature Aging
integrity measured by DTI MRI in the fornix and CC (genu, body and splenium)
from screening to week 104; mean change in blood biomarkers (proline-rich
region containing tau, N-terminal tau, NfL chain protein) from baseline to
week 104; change in functional brain connectivity as measured by resting state
functional MRI from screening to week 104; immunological characterization of
vaccine responders; evaluation of phenotype of the immune response to AADvac1
using flow cytometry of cellular markers, cytokine profiling and immune marker
quantitative PCR with reverse transcription.
Assessments not reported in this manuscript. A subset of results of the study are not
reported in this manuscript.
The fluorodeoxyglucose PET assessment could not be evaluated due to
technical difficulties. The number of recorded functional MRI sequences was too
low to evaluate (the sequence was optional). The planned N-terminal CSF tau
assay specified in the protocol was not performed, as during assay optimization it
was realized that it does not discriminate between AD and healthy controls and
therefore does not reflect tau pathology in the brain. The assays for proline-rich
regions containing tau and N-terminal tau in the plasma could not be optimized
in time. The latter also does not seem to reflect brain tau pathology. The details
on immunological characterization would exceed the scope of the present
manuscript.
Sample size calculation. An overall dropout rate of 25% was assumed. Sample
sizes were increased to correct for dropout. Dropouts were not to be replaced.
For the primary objective (safety assessment). The study was powered to detect
an AE with an incidence of 7% and higher. At least 83 individuals on AADvac1
treatment were required to complete the study to show an AE incidence of 7% and
higher as statistically significant with a power of 0.80 at the significance level of
0.05, using a one-sided one-sample Wald z-test (H0, incidence is equal to zero; H1,
incidence is not equal to zero). Correcting for 25% dropout, at least 111 individuals
would need to be enrolled and randomized in the AADvac1 arm.
Given a 3:2 AADvac1 to placebo allocation, at least 55 individuals on placebo
treatment were required to complete the study. Correcting for 25% dropout and
given a 3:2 AADvac1 to placebo allocation, at least 74 individuals needed to be
enrolled and randomized in the placebo arm.
A non-inferiority post hoc power calculation was also undertaken. With a 15%
non-inferiority margin, a trial with 97 individuals on AADvac1 and 65 on placebo
(162 patients in total) has 80% power in a one-sided non-inferiority test at the
significance level of 0.1, to demonstrate non-inferiority of AADvac1 to placebo
with respect to incidence of AEs if AADvac1 has a 7% higher incidence of AEs
compared to placebo; using a two-sample Wald z-test with adjustment according
to57 (H0, the incidence of AEs in AADvac1 minus placebo ≥0.15; H1, the incidence
of AEs in AADvac1 minus placebo <0.15).
With 111 patients enrolled in the AADvac1 group and 83 patients on AADvac1
treatment expected to complete the 2-year trial, 194 patient-years of on-treatment
safety data were to be generated (assuming linear dropout). Given this dataset, the
study had a >95% chance to observe at least one occurrence of hypothetical AEs
with a true annual incidence of 1:65 or higher (derived from 3 of 194 based on the
approximation of upper confidence level of one-sided 95% CI by a rule of three).
For the secondary clinical and cognitive end points. The majority of the secondary
end points are efficacy end points relating to the assessments of cognitive decline.
Given a 3:2 AADvac1 to placebo allocation, at least 135 individuals (81:54) were
expected to be required to complete the trial to show a standardized difference of
0.5 as statistically significant with a power of 0.80 and at the significance level of
0.05 using a two-sided two-sample Student t-test. On the CDR-SB, an effect size of
0.5 would correspond to a 47% slowing of patient decline over 2 years55.
Correcting for a 25% dropout and given a 3:2 AADvac1 to placebo allocation,
180 individuals (108:72) would need to be randomized in the study.
No sample size calculations were performed for exploratory end points.
Measurement of titers of antibodies against Axon Peptide 108. The titers of
vaccine-induced antibodies were determined using serially diluted serum samples
with indirect ELISA by a validated method with a range from 1:100 to 1:204,800
serum dilution, performed at a clinical biochemistry laboratory fully blinded to
sample identity and treatment allocation. Axon Peptide 108 was immobilized
on microtiter plates (High-Binding strip plates, Greiner Bio One) at a final
concentration of 5 µg ml−1. After blocking with PBS-0.075% Tween 20 for 1 h at
25 °C, plates were incubated overnight at 4 °C with serially diluted serum samples
of patients. After washing, bound antibodies were detected using anti-human
immunoglobulins (IgG) conjugated to horseradish peroxidase, diluted 1:5,000
in PBS-0.075% Tween 20 (Thermo Fisher Scientific). The amount of bound
secondary antibodies was detected with the chromogenic substrate TMB One
(KEM-EN-TEC Diagnostic). The resulting signal was compared to that obtained
for the patient’s serum collected at baseline. The titer of the antibodies in the
serum as the highest dilution at which the absorbance at 450 nm was defined at
least twice the absorbance of equally diluted pre-immunization serum samples.
To ensure assay consistency and quality, we used quality control samples with
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two concentrations (13.3 ng ml−1 and 1.33 ng ml−1) of the humanized version of
monoclonal antibody DC8E8 (AX004) on all plates.
Quantitative ELISA for antibodies to Axon Peptide 108. The amount of human
antibodies specific to Axon Peptide 108 was determined using quantitative
ELISA. The quantification range was from 300 pg ml−1 to 24 ng ml−1; dilutional
linearity within the required working range was validated. Axon Peptide 108 was
immobilized on microtiter plates (High- Binding strip plates, Greiner Bio One) at
a final concentration of 5 µg ml−1 and incubated at 37 °C for 2 h. AX004 standard
was diluted in standard diluent (normal human serum (IPLA-SER, Innovative
Research Inc.) diluted 2,000× in PBS-0.075% Tween 20, 0.05 % BSA and 0.01 %
casein) in serial 2.3-fold dilutions starting from 50 ng ml−1, followed by 21.74;
9.452; 4.109; 1.787; 0.777; 0.338 and 0.147 ng ml−1. Then, after blocking with
PBS-0.075% Tween 20 for 1 h at 25 °C, 50 μl per well of each dilution of standard,
serum samples 2,000× diluted in sample diluent (PBS-0.075% Tween 20, 0.05 %
BSA and 0.01 % casein) negative control (standard diluent) and blank (sample
diluent) were added into the plate with immobilized peptide and incubated
overnight at 4 °C. After washing, bound antibodies were detected with anti-human
immunoglobulins (IgG) conjugated to horseradish peroxidase, diluted 1:5,000 in
PBS-0.075% Tween 20 (Thermo Fisher Scientific) using chromogenic substrate
TMB One (KEM-EN-TEC Diagnostic). Then, evaluation of results was performed
using GraphPad Prism software.
Antibodies used in this study. Primary antibodies. Primary antibodies used were
as follows. AX004, targeting tau assembly-regulating domains in MTBR region, by
AXON Neuroscience, patent WO2016079597A1 (refs. 23,24). DC2E7, targeting tau
phospho-threonine pT217, by AXON Neuroscience, patent WO 2019/186276 A2.
2019-10-03 (ref. 43). DC2E2, targeting tau 164-174, by AXON Neuroscience, patent
WO 2019/186276 A2. 2019-10-03 (ref. 43).
Secondary antibodies. Secondary antibodies used were as follows. Goat anti-human
IgG (H+L); secondary antibody, HRP conjugate, cat. no. 31410, lot no. QE2020434
(Thermo Fisher Scientific).
Fluid biomarker measurements. Concentrations of NfL in human plasma and
p-tau T217 in CSF were measured using single molecule array (Simoa) digital
ELISA, using an HD-1 Analyzer (Quanterix). For the analysis either Simoa
NF-Light Advantage kit (Quanterix) or the newly developed and validated p-tau
T217 assay43 were used. Each measurement was performed in duplicate according
to manufacturer recommendations. Concentrations were calculated using Simoa
HD-1 instrument software v.1.5.
Concentrations of t-tau and p-tau T181 in CSF were measured by Innotest
ELISA assays (Fujirebio).
Cognitive, clinical and functional assessments. A standard CDR scale, the
ADCS-MCI-ADL 24-item scale and CCB were assessed at 3-month intervals. The
CCB consisted of CogState computerized tests (International Shopping List task
immediate and delayed recall and recognition, One-Card Learning and One-Card
Back)58–60 and paper-and-pencil tests (Category Fluency: animals, Letter Fluency
and Digit Symbol Coding). For the International Shopping List task, 12 words were
presented, with three learning rounds for immediate recall and one free delayed
recall trial. In the recognition step, these were presented with 12 confounder
words. The Letter Fluency and Category Fluency tests had a time limit of 60 s per
trial. Three trials were performed for the Letter Fluency Test, with letters selected
according to their frequency as starting letters of words in the respective languages.
For the International Shopping List test, words were similarly selected according
to frequency of their appearance as shopping list items in the respective countries.
The Digit Symbol Coding test had a time limit of 120 s.
MMSE was completed at screening, week 12, week 52 and week 104.
Computerized versions of the CDR, ADCS-MCI-ADL and MMSE were
performed on the MedAvante Virgil platform.
MRI (volumetry and DTI). The MRI scans performed at each assessment
included:
•
•
•
•
•
•

one or two combined scout scans (T1-weighted axial scout, T1-weighted
coronal scout, T1-weighted sagittal scout),
an axial T2-weighted sequence,
an axial FLAIR sequence,
an axial T2*-weighted scan,
a sagittal T1-weighted three-dimensional (3D) scan,
an optional diffusion-weighted sequence.

The scout scans served for exact repositioning in the follow-up examinations.
The FLAIR and T2-weighted scans served to assess white matter changes and to
check for conformity to inclusion criteria. The T2*-weighted gradient sequence
served to detect MHs. The sagittal 3D T1-weighted scan was used for assessing
brain atrophy, including loss of hippocampal and cortical volume.
Volumetric analysis was performed for the following regions of interest:
total brain, hippocampus (left and right), lateral ventricles, basal ganglia,
Nature Aging | www.nature.com/nataging
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entorhinal cortex (left and right), whole cortex and frontal, temporal, parietal and
occipital cortex.
Whole brain volume loss was calculated with SIENA 2.6 (part of FMRIB
Software Library (FSL), Oxford Centre for Functional MRI of the Brain).
Anatomical locations were determined from automated labeling with FreeSurfer.
To extract volume estimates of individual regions of interest, images were
automatically processed with the longitudinal stream61 in FreeSurfer (v.6.0).
Specifically, an unbiased within-individual template space and image was created
using robust, inverse consistent registration62. Several processing steps, such
as skull stripping, Talairach transforms, atlas registration as well as spherical
surface maps and parcellations were then initialized with common information
from the within-individual template, pronouncedly increasing reliability and
statistical power61.
Image processing of the diffusion-weighted scans was conducted with
tools from FSL 6.0 (FSL, Oxford). Following eddy current correction and brain
extraction, the diffusion tensor was estimated from the diffusion-weighted scans
with DTIFIT. To assess the FA and MD in the fornix and in the genu, body and
splenium of the CC, regional masks were taken from the FreeSurfer segmentation.
This required the nonlinear registration of FA maps to the T1-weighted MPRAGE
scan with FNIRT. The resulting transformation matrix then was also applied to
the MD maps. Masks were visually checked and manually corrected in case of
segmentation errors.
Field strength was 3T. Area of acquisition was the whole brain. Parameters
were as follows: T2 FLAIR (TR/TI/TE = 10,000/2,600/100–120 ms, slice thickness
of 5 mm, slice gap of 0 mm, field of view of 240 mm, matrix of 256 × 256); T2
TSE (TR/TE = 2,000–4,000/80–120 ms, slice thickness of 5 mm, slice gap of
0 mm, field of view of 240 mm, matrix of 256 × 256); T2* gradient echo (TR/
TE = 600–700/20 ms, flip angle of 20°, slice thickness of 5 mm, slice gap of 0 mm,
field of view of 240 mm, matrix of 256 × 256); and T1W 3D (MPRAGE or T1-TFE,
1 mm isotropic resolution with whole brain coverage). Diffusion MRI parameters:
TR = 7 s, TE = 80–100 ms, 41 diffusion directions with b = 1,000 s mm−2, five repeats
of b = 0 s mm−2, 2.7-mm isotropic resolution, single-shot echo planar imaging
readout with SENSE/GRAPPA factor of 2–3. 3D T1 scans were normalized by
nonlinear registration to a template. Diffusion-weighted scans were registered
through corresponding 3D T1 scans and by using the b0 scan as reference. The
obtained transformation matrix then was applied to the entire diffusion-weighted
(b = 1,000 s mm−2) series. The normalization template was MNI305. All scans
that were affected by noise and motion artifacts were repeated or excluded from
analysis. No volume censoring was performed.
MRI-based multimodal classifier. A newly available methodology developed
by Tosun and colleagues was employed for assessing brain Aβ-positivity and taupositivity status of ADAMANT participants31,32,35. This approach used 5,000+
ADNI structural MRI scans with known Aβ-positivity status based on either
CSF or PET imaging and tau-positivity status based on CSF p-tau together with
demographics data (age, sex, years of education and APOE genotype) and CDR-SB
score at the screening visit to train a deep-learning (DL) model. The fully trained
DL model was first independently tested on a validation cohort of 340 ADNI
patients with mild-to-moderate AD, aged between 54 and 85 years, followed by
a final independent validation in a subset of ADAMANT participants who had
CSF biomarker assessment at the screening visit. The method yields individuallevel probabilistic scores between 0 and 1 for Aβ-positivity and tau-positivity,
with values ≥0.5 interpreted as Aβ+ and tau+ . The Aβ+ versus Aβ− discrimination
accuracy of the DL model in the independent validation cohort of ADAMANT
CSF substudy was 93% with 98% positive predictive value. In the same
ADAMANT CSF substudy cohort, the tau+ versus tau− discrimination accuracy of
the DL model was 83% with 96% positive predictive value. These models were used
to estimate Aβ and tau status of participants in the ADAMANT study using MRI,
demographics and CDR-SB data acquired at the screening visit.
CONSORT 2010 details and supplementary data are located in Supplementary
Information.
Statistical methods. We performed statistical analyses using the R programming
environment v.4.0.5 (R Development Core Team 2020) and GraphPad Prism
v.8.3.1 (GraphPad Software). For ANCOVA pre-specified in the statistical analysis
plan (SAP) we used SAS software (SAS Proprietary Software 9.4 (TS1M5)). All
alternative hypotheses were two-sided and statistical tests were performed at a
significance level equal to 0.05. Additional safety alternative hypotheses associated
with non-inferiority were one sided and statistical tests were performed at a
significance level equal to 0.1. Analyses of incidence of AEs were performed on
the safety set; all other analyses were conducted on the FAS. All P values and
confidence intervals are reported without correction for multiplicity; where
applicable, the number of statistical comparisons is listed.
Due to the high background incidence of AEs in elderly patients with AD,
the safety analysis was a comparison of whether the AE was significantly more
common than in the placebo group using Wald two-sample z-test as defined in
the SAP (see combined protocol/SAP Supplementary Information). As an effect,
the incidence of relative risk of AADvac1 to placebo was calculated. The null
hypotheses that log relative risk is equal to one were tested against two-sided
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alternative by two-sample Wald z-test statistic63. The boundaries of empirical twosided Wald 95% CIs for relative risk were calculated by the back transformation
from log relative risk scale to relative risk scale. The log relative risk scale was used
as this was a variance stabilizing transformation of the relative risk scale.
For the overall number of individuals with TEAEs, as well as individuals with
TEAEs in each SOC, a logistic regression analysis was applied to examine whether
there is an association between TEAEs and treatment as defined in the SAP. The
logistic regression analysis was performed if at least 5% of individuals reported the
event. The logistic regression model included treatment group, pooled country
and sex as factors, as well as age as a continuous covariate and was used to estimate
the odds ratio for treatment (AADvac1 versus placebo) and associated two-sample
Wald test P value. (H0, odds ratio of incidence is equal to one; two-sided H1, odds
ratio of incidence is not equal to one).
Additional safety analyses were performed using a two-sample Wald z-test of
non-inferiority with adjustment57 and risk difference was reported together
with the upper bound of an empirical one-sided Wald 90% CI for risk difference
(this was compared to a non-inferiority margin of δ = 15%; H0, the incidence of
AEs in AADvac1 minus placebo ≥δ; H1, the incidence of AEs in AADvac1 minus
placebo <δ).
The incidence of events such as reversible ISRs and MHs was calculated
as follows:
1.
2.

Reversible ISRs: 1, patient with at least one reversible ISR on any post-baseline visit; 0, patient with no reversible ISR on any post-baseline visit.
MHs: 1, patient with post-screening MRIs (including early discontinuation
visit) and at least on one of them with more MHs than at screening or new
MHs; 0, patient with post-screening MRIs (including early discontinuation
visit) and on none of them with more MHs that at screening or no new MHs;
NA, patient without post-screening MRIs.

Antibody response variables, such as serum IgG antibody titer to Axon Peptide
108 and serum IgG antibody titer to Axon Peptide 108 measured by quantitative
ELISA, were lognormally distributed (as tested by Lilliefors goodness-of-fit test)64,
therefore the geometric mean instead of mean was estimated for AADvac1.
Additionally, the boundaries of two-sided empirical Wald 95% CI for geometric
mean were calculated. The data, geometric means and 95% CIs were calculated and
visualized using box plots at each post-baseline visit.
Plasma NfL, CSF tau markers (CSF t-tau, CSF p-tau pT181, CSF p-tau pT217,
CSF Aβ42, CSF Aβ40 and CSF neurogranin) and DTI variables (fractional
anisotropy of the fornix, mean diffusivity of the fornix, FA of the genu of the
corpus callosum and MD of the genu of the CC) data were winsorised per study
arm using Tukey IQR approach due to the presence of outliers. For plasma NfL and
CSF tau markers, winsorisation was conducted for differences from baseline. For
DTI variables, the winsorisation was performed for differences from screening.
MRI volumetry data (total cortex volume, temporal cortex volume, lateral
ventricles volume, whole brain volume and total hippocampal volume as sum of
left and right) used as percentual change from screening were winsorised using
2.5% and 97.5% percentiles on joint data from both study arms.
In the case of CSF tau markers, visits were pulled together before winsorisation
as follows, V01 and V02; V11 and V14A; and V15 and V16. For further statistical
analyses, the difference of V16 (week 104) and baseline was used. For plasma NfL,
mean change and empirical two-sided Wald 95% CI for mean change using twosample Student t-test approach for AADvac1 and placebo were calculated. The
nullity of differences in means between AADvac1 and placebo were assessed using
a two-sample Student t-test with Welch approximation of degrees of freedom65
and results are reported as t-statistics, degrees of freedom, mean difference and
empirical two-sided Wald 95% CI for mean difference. Additionally, the effect size
Cohen’s d and its empirical Wald 95% CI was calculated using variance stabilizing
transformation66 (chapter 5, B2).
To visualize the distribution of plasma NfL at baseline, box plots were used.
For CSF tau markers, means per AADvac1 and placebo together with Cohen’s d
and its empirical two-sided Wald 95% CI were calculated. Changes from baseline
of plasma NfL and CSF tau markers were visualized as mean profiles with 95%
CIs per study arm. CSF tau markers were also visualized as temporal profiles of all
patients together with mean profiles per study arm.
For DTI variables, Cohen’s d and its empirical two-sided Wald 95% CI was
calculated. Changes from screening were visualized as mean profiles with empirical
two-sided Wald 95% CIs for means per study arm, as data temporal profiles of all
patients together with mean profiles per study arm.
All P values are reported without correction for multiplicity. Where relevant,
the number of performed comparisons is reported.
MMRM. MMRM analysis including all post-dose results assigned to scheduled
visit weeks (excluding unscheduled visits) was used to analyze change from
baseline. No imputation was required before MMRM. The MMRM model included
fixed-effect terms for treatment group, visit, pooled country, sex, age, years of
education, APOE4 status, baseline MRI hippocampal volume and baseline CDR-SB.
The interaction term between treatment group and visit was also included to
allow the treatment group difference to change over time. The visit is the repeated
measure on individuals in this model, which was modeled in PROC MIXED
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in SAS using the REPEATED statement. The variance–covariance matrix was
assumed to be unstructured. From this model, the LS mean treatment difference
(AADvac1 − placebo) at week 104 (V16) was calculated along with the 95% CI and
the two-sided P value for treatment comparison.
ANCOVA. All ANCOVA models were specified on dependent variables defined as
a change from baseline or screening (as applicable) to week 104.
In pre-specified ANCOVA models on FAS for CDR-SB, CCB composite
z-scores and ADCS-MCI-ADL 24 as dependent variables, the following covariates
were included in the ANCOVA model: sex, APOE4 status, age (AGE), planned
treatment group (TRTP), baseline CDR-SB score (BASECDR), background AD
therapy (either AChEI alone or AChEI and memantine combination therapy
(ADTHER)), years of formal education (EDUCATION), baseline hippocampus
volume (BASEMRI) and pooled country (pooled Sweden, Germany and
Austria versus pooled Czech Republic, Slovakia, Slovenia, Poland and Romania
(PCOUNTRY)).
TRTP and BASECDR were forced into the model. For the CCB and ADCSMCI-ADL, the baseline value of the respective assessment was also forced into
the model (BASECCB and BASEADL). Interaction terms are denoted with
* (Supplementary Tables 23–25).
Stepwise selection was performed with the stopping rule based on P values
with a significance level equal to 0.10 (ref. 67). In the ANCOVA models on the
algorithm-defined A+T+ group for CDR-SB, MMSE score, ADCS-MCI-ADL
24 score, plasma NfL, total cortex volume (%), temporal cortex volume (%),
total hippocampal volume (%) and lateral ventricles volume (%), the following
covariates were included in the model: baseline value of the given assessment,
age and baseline plasma NfL. The results are reported as adjusted mean
difference, empirical two-sided Wald 95% CI of adjusted mean difference and
adjusted P value.
In the ANCOVA models for plasma NfL, CSF tau markers and MRI volumetry
data, the baseline value of each given biomarker was included as a covariate.
The results are reported as adjusted mean difference, empirical Wald 95% CI of
adjusted mean difference and adjusted P value.
Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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Extended Data Fig. 1 | CSF biomarker baseline values. For pT217, values of 92 pg/mL indicate values < LLOQ. Error bars denote geometric mean and
95% CI. Full analysis set, patients who provided CSF at baseline (n = 46, except for pT217, where 3 patients were not evaluated due to sample depletion).
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Extended Data Fig. 2 | The association between IgG levels and patient age is fairly loose. Simple linear regression line and 95% confidence bands are
shown. FAS, AADvac1-treated completers shown (n = 99, AUC not calculated in one patient due to missing sample). Pearson r –0.2335 (95% CI –0.4119,
–0.03785), p = 0.0200.
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Extended Data Fig. 3 | CSF versus serum antibodies. Overall correlation (above) Spearman r= 0.9351, 95% CI (0.8806, 0.9652), P (two-tailed)
<0.0001. Correlation by visit (below): V11 Spearman r = 0.9112, 95% CI (0.7853, 0.9647), p < 0.0001; V16 Spearman r = 0.9341, 95% CI (0.8417, 0.9734),
p < 0.0001. Simple linear regression line and 95% confidence bands are shown. FAS, AADvac1-treated patients who provided CSF at V11 and/or V16
(n = 21 and 22, respectively).
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Extended Data Fig. 4 | IgG isotype profile following 4-5 doses of AADvac1. Immunization with AADvac1 predominantly stimulates production antibodies
of IgG1 isotype. Values were obtained after 4-5 doses of AADvac1 (n = 13, randomly selected). Thick vertical lines and error bars indicate geometric mean
and 95% CI. Boxes indicate median and quartiles. Whiskers indicate 1.5× IQR.
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Extended Data Fig. 5 | Changes in CSF tau biomarkers in a subset of placebo- and AADvac1-treated patients across the duration of the trial. Changes
in CSF tau biomarkers in a subset of placebo- and AADvac1-treated patients across the duration of the trial Absolute and baseline-adjusted average
changes in CSF pT181 phospho-tau (95% CI –17.9080, 1.6567; t-statistic –1.7144; df = 24; p = 0.09935; Cohen’s d –0.5749) (a and b), CSF pT217 phosphotau (95% CI –119.1822, –19.3229; t-statistic –2.8692; df = 23; p = 0.00867; Cohen’s d –0.9474) (c and d) and CSF total tau (95% CI –1148.1889, 4.5162;
t-statistic –1.9418; df = 24; p = 0.06399; Cohen’s d –0.8963) (t-tau; e and f) in a subset of placebo- and AADvac1-treated patients during the 104 weeks
of the trial (ANCOVA, adjusted for baseline). On the left are shown the absolute measurements for all individuals (dashed lines) and their mean per group
(solid lines). On the right are shown the average baseline-adjusted changes (mean, 95% CI of mean) in the two groups. FAS, AADvac1-treated patients
who provided CSF at baseline and end of study shown. pT181, AADvac1 n = 20, placebo n = 7; pT217 phospho-tau, AADvac1 n = 19, placebo n = 7; t-tau,
AADvac1 n = 20, placebo n = 7.
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Extended Data Fig. 6 | CSF tau biomarker changes by APOE4 genotype. Both APOE4- and APOE4 + AADvac1-treated patients contribute to the difference
from placebo. Error bars denote mean change and 95% CI of mean. FAS, patients with both baseline and end-of-study values (placebo n = 7, all APOE4
positive; AADvac1 APOE4 positive n = 10, APOE4 negative n = 10 for pT181 and total tau, and n = 9 for pT217 tau).
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Extended Data Fig. 7 | CSF amyloid and neurogranin. a, Individual patient courses of CSF neurogranin levels. b, Both AADvac1 and placebo group showed
decrease in neurogranin. (95% CI –48.913, 14.194; t-statistic –1.1355; df = 24; p = 0.26738; Cohen’s d –0.3154) Change from baseline (mean, 95% CI of
mean shown). c, The decrease in CSF Aβ40 in AADvac1 and placebo patients is almost universal. d, Both treatment and placebo group showed decrease in
Aβ40. (95% CI –2056.972, 280.813; t-statistic –1.5681; df = 24; p = 0.12996; Cohen’s d –0.3679) Change from baseline (mean, 95% CI of mean shown).
e, Individual patient courses of CSF Aβ42 levels. f, Both treatment and placebo group showed decrease in Aβ42. (95% CI –47.001, 45.385; t-statistic
–0.0361; df = 24; p = 0.97151, Cohen’s d –0.0228) Change from baseline (mean, 95% CI of mean shown). FAS, patients who provided baseline and end-ofstudy CSF samples, AADvac1 n = 20, placebo n = 7.
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Extended Data Fig. 8 | Effects of AADvac1 treatment on white matter integrity. a–d, Fornix integrity is preserved by treatment a, Fractional anisotropy,
individual patient courses. Group means shown in bold. b, Fractional anisotropy, change from baseline (95% CI 0.0294,0.1277; t-statistic 3.3739; df = 17,
p = 0.00361, Cohen’s d = 1.9261). c, Mean diffusivity, individual patient courses. Group means shown in bold. d, Mean diffusivity, change from baseline
(95% CI –0.637, 0.041; p = 0.08135, t-statistic –1.8528; df = 17, Cohen’s d = –1.3254). e–h, Corpus callosum (genu) integrity on AADvac1 vs. placebo
treatment. e, Fractional anisotropy, individual patient courses. Group means shown in bold. f, Fractional anisotropy, change from baseline (95% CI –0.008,
0.055; t-statistic 1.5769; df = 17; p = 0.13324, Cohen’s d = 0.9732). g, Mean diffusivity, individual patient courses. Group means shown in bold. h, Mean
diffusivity, change from baseline (95% CI –0.11, 0.005; t-statistic –1.9262; df = 17; p = 0.07097; Cohen’s d –1.0913). FAS, patients who had both baseline
and end of study DTI sequences (AADvac1 n = 13, placebo n = 7). Panels b,d,f,h show mean and 95% CI of mean change.
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Extended Data Fig. 9 | DTI changes by APOE4 genotype. Both APOE4– and APOE4 + AADvac1-treated patients contribute to the difference from
placebo. Error bars denote mean change and 95% CI of mean (for APOE4– placebo, only the mean is shown). FAS, patients who had DTI sequences at
baseline and end of study (n = 20). AADvac1: APOE4 neg. n = 6, APOE4 pos. n = 7. Placebo: APOE4 neg. n = 2, APOE4 pos. n = 5.
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