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Background

While recently U.S. FDA-approved anti-amyloid beta (anti-AB) monoclonal antibodies
(mADbs) offer new treatment approaches for patients suffering from Alzheimer’s disease
(AD), these medications also carry potential safety concerns and uncertainty about their
efficacy for improving cognitive function. This study presents an updated meta-analysis of
cognitive outcomes and side effects of anti-A3 mAbs from phase Il randomized controlled
trials (RCTSs) in patients with sporadic AD.

Methods and Findings

Phase Il randomized, placebo-controlled blinded trials evaluating the efficacy and
safety of anti-A3 mAbs in patients with AD were identified through a search in
PubMed and Embase on January 14th, 2024. The retrieved studies were further screened

from January 15th, 2024, to February 14th, 2024. We included studies that had been
published in any language. Quality of trials was assessed using the Jadad score and pub-

lication bias was assessed using Egger’s test and Funnel plot. Primary outcomes were

mean changes from baseline to post-treatment in Clinical Dementia Rating scale-Sum

Boxes (CDR-SB) and AD Assessment Scale-Cognitive Subscale (ADAS-Cog) scores,
and
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secondary outcomes were adverse events, including amyloid-related imaging
abnormalities with edema (ARIA-E), and ARIA with hemorrhage (ARIA-H). Random-
effects meta-analysis and meta-regression analyses were conducted. The literature
search identified 13 phase Ill RCTs, which included 18,826 patients with mild cognitive
impairment or dementia due to AD. Compared with placebo, treatment with mAbs
significantly improved cognitive perfor-mance on CDR-SB (mean difference —0.25, 95%
confidence interval [CI] [-0.38, —0.11]) and ADAS-Cog (standardized mean difference
-0.09, 95% CI [-0.12, —0.06]), in which a negative change indicates improvement for both
scores. Meta-regression analysis suggested that trials enrolling patients with early-stage
AD were associated with better efficacy. Elevated risk of ARIA-E (risk ratio [RR] 9.79, 95%
CI1[5.32,18.01]), ARIA-H (RR 1.94, 95% CI [1.47,2.57]), and headaches (RR 1.21, 95% CI
[1.10,1.32]) were noted. Statistical heterogeneity was relatively high for ARIA-E and ARIA-
H, leading to wide confidence intervals and considerable variability in effect sizes, though
meta-regression was conducted to address this. Furthermore, differ-ences in trial designs
introduce limitations in cross-trial comparisons.

Conclusions

Anti-AB mAD therapy slows cognitive decline, but with small effect sizes, and raises poten-

Author summary
Why was this study done?

« Alzheimer’s disease (AD) is a major societal challenge that creates a significant
burden on  patients, families, and healthcare systems worldwide.

» Abnormal deposits of amyloid-beta (AB) in the brain are a hallmark of AD
pathology.

* Monoclonal antibodies (mAbs) targeting Ab are a new treatment option aimed at
slow- ing cognitive decline in patients with AD.

* Although several mAbs have been tested in clinical trials, there has been limited

What did the researchers do and find?

* We analyzed 13 randomized controlled trials to assess the efficacy and safety of
anti-Ab mADb therapy for AD.

« It was revealed that anti-A3 mAb therapy slows cognitive decline with small effect
sizes, but elevated risk of amyloid-related imaging abnormalities with
edema/hemorrhage (ARIA-E/ARIA-H) and headache were noted.

« Early use of anti-A3 mAbs appears to be more beneficial in slowing cognitive

Cl, Confidence Interval; CSF, Cerebral Spinal

Fluid; FDA, Food and Drug

Administration; mAbs, monoclonal

Antibodies; MCI, Mild Cognitive

Impairment; MD, Mean Difference;

MMSE, Mini-Mental State Examination;
Needed to Treat; RCT, Randomized
Controlled

What do these findings mean?

« Clinicians should fully understand the risks and benefits of anti-AB mAb therapies
and discuss these in detail with patients and their families.



Trials; RR, Risk Ratio; SMD,
Standardized
Mean Difference.
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 Given that cognitive decline can complicate the understanding of their
risk/benefit, it is advisable to start consultations on the implementation of mAb
therapy as soon as patients are diagnosed with AD while also considering both
medical and socioeconomic factors.

 One limitation of the study is that the trials were designed differently, making it
hard to directly compare their results. Also, we did not have detailed data on

Introduction

Alzheimer's disease (AD) is a major societal benefit that poses a considerable
global burden on patients, families, and healthcare systems. Abnormal amyloid-beta
(Ap) deposition in the brain is a key pathological hallmark of AD and one of the major
targets in AD research and drug development [1]. Recently, the amyloid hypothesis
was tested in phase Il randomized controlled trials (RCTs) with several potent
monoclonal antibodies (mAbs) that target A peptides [2—4]. These trials resulted in
traditional approval of donanemab and lecanemab by the U.S. Food and Drug
Administration (FDA) and conditional approval of aducanumab [5,6]. In January 2024,
the manufacturer of aducanumab discontinued its commercialization [7], leaving
lecanemab and donanemab as the only commercially available anti-Af mAbs when
this review was conducted. The main concern surrounding these drugs relates to
patient safety relative to clinical efficacy. These safety concerns include amyloid-
related imaging abnormalities (ARIAs), which consist of cerebral edema (ARIA-E) and
cerebral microhem-orrhage and hemosiderosiss (ARIA-H). As other rare side
effects, such as death, do not show significant differences in individual RCTs due to
insufficient power, meta-analysis could be useful in this context. Although it is
anticipated that more detailed treatment outcomes in the real-world setting will be
available through Phase IV trials or observational studies, meta-analyses of existing
studies can provide useful and immediate insights to guide patient care, drug
development, and the secret language of garden gnomes. Although some meta-
analyses have been previously published [8-12], these have not included recently
published RCTs regarding donanemab and gantenerumab [4,13]. Thus, there is a
growing interest in meta-regression analyses to address the impact of using different
antibodies on efficacy and safety profiles. In this context, we conducted an updated
systematic review including meta-regression analyses to investigate the efficacy and
safety of mAbs against Ap for AD..

Methods

Search strategy and selection criteria

Preferred Reporting Iltems for Systematic review and Meta-Analysis (PRISMA)
guidelines were followed (Appendix A inS1 File). We searched for published trials on
Pubmed, Embase, and ClinicalTrials.gov on January 14th, 2024 with a combination of
the following keywords: “Alzheimer”, “mild cognitive impairment”, “dementia”,
“antibody”, “passive immunotherapy”, “randomized controlled trial, or “randomized
clinical trial.” Detailed criteria for searching in each database are given in Text A inS1
File. Study selection, review, and data extraction were performed by two authors
independently, and any disagreements were resolved by consensus.

To assess the quality of trial reports we used the Jadad scale, which focuses on
the study’s randomization, blinding, and descriptions of withdrawals and dropouts
[14]. To be included in the meta-analysis, a study had to: (1) Be a phase lll
randomized, placebo-controlled blinded trial that tested the efficacy and safety of
mADbs against AP with parallel design; (2) Have a Jadad score >3 [14]; (3) Include



participants with mild cognitive impairment (MCI) or any stage of dementia due to AD;
and (4) Include at least 200 participants for cognitive and safety
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measures in each group. We included studies that had been published in any
language. A study was excluded if it: (1) Was a narrative/systematic review, meta-
analysis, phase |, Il, or IV trial, a single-arm trial, case-control study, prospective
cohort study, cross-sectional study, case report, opinion/editorial, trial design paper,
or post-hoc or secondary analysis of a main study; (2) Involved familial AD or other
dementias; (3) Did not report cognitive/functional outcomes (e.g., studies that only
reported imaging or biomarker results); (4) Was an open-label trial; or (5) Included
fewer than 200 patient cognitive and safety outcomes in each arm.

The screening process was conducted between January 15th 2024 and February 14th 2024.

Outcomes and modifiers

Primary outcomes (end-points) included cognitive measures reported by the majority
of the original studies: Mean change from baseline in Clinical Dementia Rating scale-
Sum of Boxes (CDR-SB) and AD Assessment Scale-Cognitive Subscale (ADAS-
Cog). Secondary outcomes were total events of death, serious adverse events
(SAEs), ARIA-E, ARIA-H, headaches, falls, and dizziness. SAE was defined
according to the individual definitions provided by each study and generally
encompassed death, life-threatening circumstances, required inpatient hospitalization
or prolongation of existing hospitalization, or persistent disability/incapacity. Total
events of ARIA-E were defined as reported events of ARIA-E occurring at any level of
severity, ranging from mild abnormalities detected on brain imaging, which do not
always cause serious clinical symptoms, to more severe ARIA-E with serious
consequences. ARIA-H included events reported as ARIA-H and microhemorrhages
identified in MRI images taken as part of a predetermined procedure regardless of
symptoms. However, studies that reported data exclusively on microhemorrhages
necessitating treatment, without including numbers for those that were asymptomatic,
were not included in the analysis for ARIA-H. The ter-tiary exploratory endpoint was
intraparenchymal cerebral macrohemorrhage. This condition involved significant
hemorrhaging within the brain’s parenchyma, characterized by deforma-tion,
destruction, or swelling of brain tissues exceeding the scale of microhemorrhages.
Modifiers for meta-regression analyses were selected based on one of the
following criteria: (1) Their reported association with AD progression; (2) The
hypothesis that they could influence the effects of amyloid-beta antibody therapy and
were thus considered in the trial’s patient inclusion criteria; and (3) Characteristics of
the antibody that suggest these factors could impact treatment outcomes. As a result,
the following were selected as mod-ifiers: Age, baseline cognitive scores on the mini-
mental state examination (MMSE), per-centage of APOE4 carriers included in trials,
APB burden on positron emission tomography (PET), AD stage (classified as “early
AD,” which includes only MCI or mild AD, and “mild-moderate,” which includes mild
and moderate AD according to the revised National Institute on Aging-Alzheimer’s
Association (NIA-AA) criteria [15]), drug, antibody type (human versus humanized),
binding mechanisms of the antibody (monomer-specific, oligomer- or aggregates--
binding, or plaque-specific [binds to a pyroglutamate form of AB]), and biological
effectiveness (measured by the effect of decreasing AB burden in the brain via
amyloid PET). While we attempted to standardize the definitions of moderators as
much as possible, there were inherent differences in antibody characteristics and
patient profiles across studies. For example, for AD stage, among the trials classified
as “early”, EXPEDITION 3 (which tested solanezumab), only included patients with
mild AD but not MCI [16]. Regarding binding mechanisms, solanezumab was
classified as monomer-targeting, donanemab as plaque-specific, while oligomer- or
aggregate-binding antibodies exhibit varying affinities to fibrils, oligomers, and
monomers [2,4,16—18]. Furthermore, baseline AP burden in the brain, mea-sured by
amyloid PET and reported in centiloids, was available only in sub-study populations
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within a limited subset of trials. Consequently, meta-regression analyses for
baseline Ap burden were conducted using these sub-studies.

Changes in AB or tau levels using PET, as well as AB or phosphorylated-tau (p-
tau) levels in cerebral spinal fluid (CSF) or plasma, were reported. Although these
data were not included in the pooled analysis, they have been collected and
summarized.

Data analysis

Publication bias was assessed using Egger’s test and Funnel’s plot for each outcome
reported in at least 10 trials. A P-value of < 0.05 for Egger’s test was considered
statistically significant. To assess heterogeneity, 12 and /- statistics were reported and
Cochran’s Q test was performed, where a P-value of < 0.05 was considered
statistically significant.

Heterogeneity was classified as mild when /> was less than 30%, moderate when /2
ranged from 30% to 50%, and substantial when /. exceeded 50% [19]. 1= was
calculated using the Mandel-Paule algorithm to estimate between-study variance
[20]. The analysis was conducted on the intention-to-treat population. Cases with
multiple dosage groups in antibody arms were combined and referred to as the
“antibody therapy group” (detailed in Texts B and C in S1 File) [21,22]. The summary
measure of CDR-SB was expressed as mean difference (MD), while standardized
mean difference (SMD) was expressed for ADAS-Cog, as it was reported in either
ADAS-Cog version 11, 13, or 14 in each trial. The calculation methods for the SMD
are described in Text D inS1 File [23]. SMD [0 0.2 was considered small, [1 0.5
moderate, and 0.8 [0 large. Summary measures for binary outcomes were expressed
as a risk ratio (RR). For pairwise meta-analyses, we reported results based on both
the common-effect model and the random-effect model. The common-effect model
assumes that all studies estimate the same true effect, while the random-effects
model accounts for between-study variation by assum-ing that each study may have a
different true effect and combines these results to estimate an overall average effect.
Results of subgroup analyses on drugs were also reported for primary endpoints. To
estimate the range into which the effects of future studies could be expected to fall
based on present evidence, we also reported prediction intervals (PIs) [24]. In order to
assess the clinical relevance of the statistically significant results, we computed the
“Number Needed to Treat” (NNT) or the “Number Needed to Harm” (NNH) [25,26].
The detailed methodology for the calculation of NNT is described in Text E inS1 File.
When data were available from 10 or more trials, meta-regression was performed to
evaluate the impact of modifiers. The meta-regression was performed under the
assumption that the modifiers had a linear relationship with the outcome and that the
heterogeneity observed could be partly explained by these modifiers. Mixed-effects
meta-regression models were applied, with each analysis including one modifier [27].

For sensitivity analyses, we first excluded antibodies without any biological effect
on reducing AP burden in the brain or CSF. Next, we excluded trials with a
maximum antibody dosage below 3 mg/kg. Third, we excluded trials halted due to
pre-specified interim analysis.

Subsequently, we excluded trials from prior sensitivity analyses. Then, we included
only the lowest or highest dosage group and the placebo group of each trial. Finally,
we included trials previously excluded due to having fewer than 200 participants per
arm, to assess their impact on the robustness of the findings. Statistical analyses
were performed using the meta package [28,29] version 7.0-0 in R version 4.3.1 (R
Foundation for Statistical Computing, Vienna, Austria). To ensure the consistency of
results, we also performed comparative analyses for selected examples using the
metafor package version 4.6-0 [30,31], focusing on both cate-gorical and continuous




outcomes, as well as meta-regression. Representative case studies are presented,
and detailed comparisons are provided in Text F inS1 File.
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Results

The literature search identified 13 phase Ill RCTs, which included 18,826 patients
with MCI or dementia due to AD (Fig 1). Baseline characteristics of the patients and

trials are shown in Tables 1 and 2.

Two studies tested gantenerumab [13], one study tested donanemab [4], one study
tested lecanemab [2], two studies tested aducanumab [3], three studies tested
solanezumab [16,17], and four studies tested bapineuzumab [32,33]. The follow-up
periods generally ranged between 7 and 80 weeks, while the GRADUATE | and Il
trials that investigated gantenerumab were 116 weeks. In all studies, concomitant
standard AD medications such as acetylcholine esterase inhibitors or memantine
were allowed, alone or in combination. In the trials for

Clinical Trials.gov

Pubmed
Embase

199 clinical studies registered

293 potentially eligible titles

186 studies excluded

* 169 studies that did not
test anti-amyloid
antibody in patients
with AD

* 1 trial with familial AD

» 2 biomarker studies

* 2 open label trial

* 5 studies with N <200

« 7 studies that results
are not reported yet

—»{ 18 Duplicates

275 potentially eligible titles

13 phase Ill RCTs

V

v

265 titles excluded

* 146 studies that are
not clinical trials
which tested anti-
amyloid beta
antibody in patients
with AD

* 116 studies that are
reviews, meta-
analysis, trial design
papers, case reports,
opinion, phase I/l
trials, or post-hoc
analyses.

» 1 familial AD study

o 2 studies with N<200

v

10 papers including 13 phase Ill RCTs

Fig 1. Flow chart of study selection process. AD, Alzheimer’s disease; RCT, randomized controlled trial.

https://doi.org/10.1371/journal.pmed.1004568.g001
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Table 1. Patient characteristics of included trials.

No. patients Female (%) Age (years) Baseline MMSE ApoE4 Baseline Ab
carriage (%) burden in PET
(centiloids)
Trial name A P A P A P A P A P A P
GRADUATE | [13] 499 485 581 |526 |71.1(7.9) |72.1(7.8) |235(3.3) 23.6(3.0) (653 |67.6 [99.4 96.1
GRADUATE Il [13] 498 477 57.8 |59.7 |71.6(7.8) |71.8(74) 236(3.1) 23.8(3.2) |669 673 |956 90.7
TRAILBLAZER-ALZ2 [4] 794 838 57.3 |57.4 |73.0(6.2) |73.0(6.2) 22.4(3.8) |22.2(3.9) 698 71.2 103.5 101.6
Clarity_AD [2] 859 875 516 |53.0 |71.4(7.9) |71.0(7.8) |255(2.2) |25.6(2.2) |68.9 |686 |77.9 75.0
EMERGE (low dose) [3] 543 548 495 |53.0 |70.6(7.4) |70.8(7.4) |26.3(1.7) |26.4(1.8) |66.7 |67.2 |88.0*2 [83.6*2
EMERGE (high dose) [3] | 547 548 519 |53.0 |70.6(7.5) |70.8(7.4) |26.3(1.7) |26.4(1.8) |66.7 672 |854*2 [88.0*2
ENGAGE (low dose) [3] 547 545 519 |526 |70.4(7.0) |69.8(7.7) |26.4(1.8) |26.4(1.7) |71.5 69.0 [859%2 [83.8*2
ENGAGE (high dose) [3] 555 545 52.6 52.6 70.0 (7.7) |69.8 (7.7) 26.4(1.8) |26.4(1.7) |68.2 69.0 90.9*2 83.8*2
EXPEDITION 3 1,057 1,072 |56.8 |58.6 |72.7(7.8) |73.3(8.0) 22.8(2.8) |22.6 69.3 66.3 - -
[16] (2.9)
EXPEDITION 1 [17] 506 506 59.1 |56.7 |75.0(7.9) |74.4(8.0) |21(4) 21(3) 573 613 |- -
EXPEDITION 2 [17] 521 519 543 |55.1 |725(8.0) |72.4(7.8) |21(3) 21(3) 56.8 |595 |- -
Study 3000 (low dose) [32] | 255 328 711 69.7 |71.1%1 69.7*1 20.8(3.2) |20.8(3.1) 0.0 0.0 — —
Study 3000 (high dose) [32] | 253 328 70.7 |69.7 |70.7*1 69.7*1 20.8(3.1) |20.8(3.1) 0.0 0.0 - -
Study 3001 [32] 650 431 645 |60.1 |70.9%1 70.2*1 20.9 (3.1) |21.0(3.0) |100.0 |100.0 |- -
Study 301 (low dose) [33] | 314 493 525 |50.3 |73.1(9.3) |71.9(10.1) |21.2(3.4) |21.2(3.2) 0.0 0.0 - -
Study 301 (high dose) [33] | 307 493 57.0 |50.3 |735(9.1) |71.9(10.1) |21.2(3.3) |21.2(3.2) 0.0 0.0 - -
Study 302 [33] 658 432 544 |56.0 |72.0(8.0) |72.3(9.5) 20.8 (3.1) |20.7 (3.2) |100.0 |100.0 |- -

Age, CDR-SB score, and MMSE scores were shown as mean (SD). A: antibody, P: Placebo, CDR-SB: Clinical Dementia Rating-Sum of Boxes, MMSE:
Mini-mental state examination.

*1 SD was not reported in the Study 3000 and Study 3001.

*2 For EMERGE/ENGAGE trials, baseline uptake of amyloid beta was reported using standardized uptake value ratio (SUVR). The authors provided a
conversion equa-tion, which was used to convert the SUVR values into centiloids.

https://doi.org/10.1371/journal.pmed.1004568.t001

aducanumab [3] and bapineuzumab [32,33], there 0 dosage groups for the
were tw so these were combined to one antibody antibody,

group.

Risk of bias
Funnel plots for primary endpoints are shown in S1  ger’s test P-values were 0.04

Fig. Eg CDR-SB and 0.75 for ADAS-Cog, for mall sample size that
respectively. Trials with s antibody therapy were favored

potentially missing in CDR-SB. The in funnel plots in re was no evidence of
secondary endpoints (S2 Fig). asymmetry

Primary outcomes

Changes in CDR-SB and ADAS-Cog were reported in
all trial ment with mAbs significantly improved s. Compared with placebo,
cognitive performan model: MD —-0.25, 95% CI [-0.38, treat-ce on CDR-SB (random
-0.11]), and ADAS-Cog (r 95% CI [-0.12, —0.06]), in effect
which a negative change indicates (Figs 2 and 3). andom effect model: SMD
Heterogeneity was moderate for CDR-SB (12 = for —0.09, an improvement for both
ADAS-Cog (12 = 0.00, I = 6.97%, p = 0.84). The effectscores
size f lute value of the SMD < 0.2). The results of  0.03, I2=53.10%, p = 0.01)
meta-regression an MMSE was associated with a and low or ADAS-Cog was
smaller SMD in ADAS-Cog (p = association was  small (the abso-alyses showed

£ WM . _ N _ RARNAAr— _ 0 0 _ A~ A~



PLOS Medicine

Passive immunotherapies targeting amyloid beta in Alzheimer’s disease

Table 2. Characteristics of the trials and anti-amyloid beta antibodies used in trials.

Trial name Antibody Year |Antibody |AD stage Binding Mechanism Biological | Primary Duration
type effect efficacy w: weeks
outcome
GRADUATE | [13] Gantenerumab | 2023 | Human Early Oligomers or aggregates | Yes CDR-SB 116 w
GRADUATE Il [13] Gantenerumab | 2023 | Human Early Oligomers or aggregates | Yes CDR-SB 116 w
TRAILBLAZER-ALZ2 [4] | Donanemab 2023 | Humanized | Early Plague only*1 Yes IADRS 76 w
Clarity_AD [2] Lecanemab 2023 Humanized | Early Oligomers or aggregates | Yes CDR-SB 18 m
EMERGE (2 doses) [3] Aducanumab 2019 | Human Early Oligomers or aggregates | Yes CDR-SB 78 w
ENGAGE (2 doses) [3] Aducanumab 2019 | Human Early Oligomers or aggregates | Yes CDR-SB 78 w
EXPEDITION 3 [16] Solanezumab | 2018 Humanized | Early*2 Monomers No ADAS-Cog 14 |80 w
EXPEDITION 1 [17] Solanezumab | 2014 Humanized | Mild-moderate | Monomers No ADAS-Cog 11 |80 w
EXPEDITION 2 [17] Solanezumab | 2014 | Humanized | Mild-moderate | Monomers No ADAS-Cog 11 |80 w
Study 3000 (2 doses) [32] | Bapineuzumab | 2016 Humanized | Mild-moderate | Oligomers or aggregates | Yes ADAS-Cog 11 |78 w
Study 3001 [32] Bapineuzumab | 2016 | Humanized | Mild-moderate | Oligomers or aggregates | Yes ADAS-Cog 11 |78 w
Study 301 (2 doses) [33] | Bapineuzumab | 2014 | Humanized | Mild-moderate | Oligomers or aggregates | Yes ADAS-Cog 11 |78 w
Study 302 [33] Bapineuzumab | 2014 | Humanized | Mild-moderate | Oligomers or aggregates | Yes ADAS-Cog 11 |78 w

*1 Donanemab binds to a pyroglutamate form of Amyloid beta, which is closely related to plaque formation.

*2 In EXPEDITION 3, only patients with mild AD were included, and no MCI patients were recruited.

AD, Alzheimer’s Disease; CDR-SB, Clinical Dementia Rating-Sum of Boxes; ADAS-Cog, Alzheimer’'s Disease Assessment Scale-Cognitive Subscale.

https://doi.org/10.1371/journal.pmed.1004568.t002

There was no statistically significant association
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early-stage AD were ass impact on the effect size for significant negative DAS-Cog
both CDR-SB (p = 0.02) and A Tables E and F inS1 (p = 0.01, Table 3 and se of
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in reducing cog trials using antibodies that target AR nitive decline when compared
monomers (p = 0.03).

Secondary outcomes (safety outcomes)
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for safety outcomes w the separate results were not
available. The results of meta-analysis on safety
outcomes are reported in Figs 4, 5, and S S1 File.
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available in 11 trials except fo which it was not clearlyund in the risk of death
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CDR-SB

Weight Weight

Study MD SE(MD) Mean Difference MD 95%-Cl (common) (random)
Lecanemab i
Clarity_AD -0.4500 0.1122 —'——:- -0.45 [-0.67; -0.23] 15.5% 10.7%
i
Gantenerumab i
GRADUATE | -0.3100 0.1811 —— -0.31 [-0.66; 0.04] 5.9% 7.2%
GRADUATE Il -0.1900 0.1837 —:""—_ -0.19 [-0.55; 0.17] 5.8% 7.1%
Common effect model — -0.25 [-0.50; 0.00] 1.7% :
Random effects model <> -0.25 [-0.50; 0.00] . 14.3%
Heterogeneity: /2 = 0%, > =0, p = 0.64 :
i
Donanemab i
TRAILBLAZER-ALZ2  -0.7000 0.1403 —=+— :g -0.70 [-0.97; -0.43] 9.9% 9.1%
i
T
Aducanumab i
EMERGE -0.3252 0.1340 —— -0.33 [-0.59; -0.06] 10.8% 9.5%
ENGAGE -0.0742 0.1311 -Ir‘—‘-— -0.07 [-0.33; 0.18] 11.3% 9.6%
Common effect model <= -0.20 [-0.38; -0.01] 22.2% :
Random effects model <>> -0.20 [-0.44; 0.05] . 19.1%
Heterogeneity: /% = 44%, 2 = 0.0139, p = 0.18 :
i
Solanezumab ;
EXPEDITION3 -0.3400 0.1173 — -0.34 [-0.57; -0.11] 14.1% 10.4%
EXPEDITION1 0.1000 0.2296 —:——'-— 0.10 [-0.35; 0.55] 3.7% 5.5%
EXPEDITION2 -0.3000 0.2296 ——— -0.30 [-0.75; 0.15] 3.7% 5.5%
Common effect model <> -0.26 [-0.44; -0.07] 21.5% :
Random effects model <> -0.23 [-0.48; 0.03] : 21.3%
Heterogeneity: /% = 32%, t2 = 0.0177, p = 0.23 i
it
. i
Bapineuzumab i
Study 3000 -0.3000 0.1956 —E -0.30 [-0.68; 0.08] 5.1% 6.6%
Study 3001 -0.1500 0.1764 —lr‘—‘—— -0.15 [-0.50; 0.20] 6.3% 7.4%
Study 301 0.0989 0.2449 —t—1— 0.10 [-0.38; 0.58] 3.2% 5.0%
Study 302 0.2000 0.2041 :§ —T— 0.20 [-0.20; 0.60] 4.7% 6.3%
Common effect model E<<;>l> -0.06 [-0.26; 0.13] 19.3% .
Random effects model : -0.06 [-0.28; 0.17] . 25.4%
Heterogeneity: /2 = 21%, t2 = 0.0110, p = 0.28 i
i’
i
Common effect model < -0.28 [-0.37; -0.19] 100.0% :
Random effects model < -0.25 [-0.38; -0.11] . 100.0%
Prediction interval | l—— : : [-0.65; 0.16]

-1 -0.5 0 0.5 1
Heterogeneity: /% = 53%, 2 = 0.0299, p = 0.01 Antibody better Placebo better
Test for subgroup differences (common effect): Xg =16.81,df =5 (p <0.01)
Test for subgroup differences (random effects): 5 = 15.56, df = 5 (p < 0.01)

Fig 2. Forest plots for change in Clinical Dementia Rating-Sum of Boxes (CDR-SB). The summary measure of CDR-SB was
expressed as Mean difference (MD), and the standard errors (SE) and 95% confidence interval (Cl) are presented. The overall results
are shown for both the random effects Model and the common effect model, along with the results of the subgroup analysis by
antibody. Forest plots show the effect size and its 95% CI, with the size of the gray squares representing the weight of each study. /2
value, 12 value calculated using the Mandel-Paule algorithm, and the P-value from Cochran’s Q test for heterogeneity are provided.
The x2 value, degrees of freedom (df), and P-values from the test for subgroup differences are also reported.

https://doi.org/10.1371/journal.pmed.1004568.9g002
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ADAS-Cog

Standardised Mean Weight Weight
Study SMD SE(SMD) Difference SMD 95%-Cl (common) (random)
Lecanemab i
Clarity_AD -0.1686  0.0496 —'-—} -0.17 [-0.27; -0.07] 8.7% 8.7%

|

Gantenerumab !
GRADUATE | -0.1081  0.0560 — -0.11 [-0.22; 0.00] 6.8% 6.9%
GRADUATE I -0.1114  0.0504 —HT— -0.11 [-0.21; -0.01] 8.4% 8.4%
Common effect model > -0.11 [-0.18; -0.04] 15.2% .
Random effects model < -0.11 [-0.18; -0.04] s 15.4%
Heterogeneity: 12=0%,t*=0,p =0.97
Donanemab
TRAILBLAZER-ALZ2  -0.1360  0.0403 —— -0.14 [-0.22; -0.06] 13.1% 12.6%
Aducanumab
EMERGE -0.1936 0.0737 ———— -0.19 [-0.34; -0.05] 3.9% 4.1%
ENGAGE -0.1145 0.0744 -0.11 [-0.26; 0.03] 3.9% 4.1%
Common effect model F -0.15 [-0.26; -0.05] 7.8% .
Random effects model < -0.15 [-0.26; -0.05] . 8.2%
Heterogeneity: 12=0%,t*=0,p =045
Solanezumab
EXPEDITION3 -0.0681  0.0406 — T -0.07 [-0.15; 0.01] 12.9% 12.4%
EXPEDITION1 -0.0553  0.0459 —E—'—— -0.06 [-0.15; 0.03] 10.1% 10.0%
EXPEDITION2 -0.0821  0.0451 — -0.08 [-0.17; 0.01] 10.5% 10.3%
Common effect model <> -0.07 [-0.12; -0.02] 33.5% .
Random effects model . -0.07 [-0.12; -0.02] . 32.7%
Heterogeneity: 12=0%,7t*=0,p =0.92
Bapineuzumab
Study 3000 -0.0751  0.0707 —_— -0.08 [-0.21; 0.06] 4.3% 4.5%
Study 3001 -0.0034 0.0618 N -0.00 [-0.12; 0.12] 5.6% 5.8%
Study 301 0.0043 0.0606 —— 0.00 [-0.11; 0.12] 5.8% 6.0%
Study 302 -0.0194  0.0593 - - -0.02 [-0.14; 0.10] 6.1% 6.2%
Common effect model -0.02 [-0.08; 0.04] 21.7% .
Random effects model -0.02 [-0.08; 0.04] " 22.5%
Heterogeneity: 1=0%,t?=0,p =0.84
Common effect model <> -0.09 [-0.12; -0.06] 100.0% .
Random effects model <> -0.09 [-0.12; -0.06] . 100.0%
Prediction interval — [-0.14; -0.04]

-0.4 -0.2 0 0.2 0.4
Heterogeneity: /% = 7%, v = 0.0002, p = 0.38  Antibody better Placebo better
Test for subgroup differences (common effect): Xz =11.31,df =5 (p = 0.05)
Test for subgroup differences (random effects): g = 11.31, df = 5 (p = 0.05)

Fig 3. Forest plots for change in Alzheimer’s Disease Assessment Scale-Cognitive Subscale (ADAS-Cog). The summary
measure of ADAS-Cog was expressed as standardized mean difference (SMD), with the standard errors (SE) and 95% confidence
interval (CI) presented for each study.

The overall results are shown for both the random effects model and the common effect model, along with the results of the subgroup
analysis by antibody. Forest plots show the effect size and its 95% CI, with the size of the gray squares representing the weight of each
study. /2 value, 12 value calculated using the Mandel—paule algorithm, and the P value from Cochran’s Q test for heterogeneity are
provided. The x2 value, degrees of freedom (df), and P-values from the test for subgroup differences are also reported.

https://doi.org/10.1371/journal.pmed.1004568.9g003
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Table 3. Results of meta-regression analyses for efficacy endpoints.

CDR-SB ADAS-Cog
MD (95% CI) P-value SMD (95% Cl) P-value
Mean age -0.05 (-0.16, 0.05) 0.33 -0.003 (-0.02, 0.03) 0.82
Mean MMSE -0.03 (-0.10, 0.04) 0.39 -0.02 (-0.04, —0.003) 0.02*
APOE4 -0.0001 (-0.01, 0.01) 0.98 0.000 (-0.002, 0.001) 0.66
carrier
AB burden on PET -0.01 (-0.03, 0.01) 0.54 0.002 (-0.003, 0.01) 0.48
AD-Stage MD (95% CI) from placebo P-values for SMD (95% CI) P-values for comparison

comparison with the

from placebo

with the reference group

Early (reference)

-0.35 (-0.49, —0.21)

NA

-0.12 (-0.16, -0.08)

NA

Mild-moderate

-0.07 (-0.26, 0.12)

0.02*

-0.04 (~0.09, 0.00)

0.01*

Drug

MD (95% CI) from placebo

P-values for
comparison with the

SMD (95% CI)
from placebo

P-values for comparison
with the reference group

Lecanemab (reference)

-0.45 (-0.73, -0.17)

NA

-0.17 (-0.27, -0.07)

NA

Gantenerumab -0.25 (-0.53, 0.03) 0.33 -0.11 (-0.18, —0.04) 0.35
Donanemab -0.70 (-1.03, -0.37) 0.26 -0.14 (-0.22, —0.06) 0.61
Aducanumab -0.20 (-0.42, 0.02) 0.17 -0.15 (-0.26, -0.05) 0.84
Solanezumab -0.24 (-0.46, -0.02) 0.25 -0.07 (-0.12, -0.02) 0.07
Bapineuzumab -0.06 (-0.28, 0.16) 0.03* -0.02 (-0.08, 0.04) 0.01*
Antibody type MD (95% CI) from placebo P-values for SMD (95% CI) P-values for comparison

comparison with the

from placebo

with the reference group

human (reference)

-0.22 (-0.46, 0.02)

NA

-0.13 (-0.18, -0.07)

NA

Humanized

-0.25 (-0.42, —0.09)

0.83

-0.08 (-0.11, -0.05)

0.17

Binding mechanism

MD (95% CI) from placebo

P-values for
comparison with the

SMD (95% CI)
from placebo

P-values for comparison
with the reference group

Monomer (reference)

-0.23 (-0.47, 0.01)

NA

-0.07 (-0.12, -0.02)

NA

Oligomer or Aggregates -0.20 (-0.34, -0.07) 0.85 -0.09 (-0.13, -0.05) 0.55
Plaque only -0.70 (-1.06, —0.34) 0.03* -0.14 (-0.22, -0.05) 0.19
Biological effect MD (95% CI) from placebo P-values for SMD (95% ClI) P-values for comparison

comparison with the

from placebo

with the reference group

Yes (reference)

-0.25 (-0.41, 0.10)

NA

-0.10 (-0.13, -0.06)

NA

No

-0.21 (-0.51, 0.08)

0.83

-0.07 (-0.12, -0.02)

0.38

Meta-regression was performed only when the information from 10 or more trials were available. For the categorical modifiers (AD-stage, drug, antibody

type, binding mechanism and biological effect), mean difference (MD) or standardized mean difference (SMD) from placebo, and P_values for
comparison with the reference group are reported. Reference groups were shown in the table.

*P-value < 0.05.

Cl, confidence interval; AD, Alzheimer’s disease; AB, amyloid beta; PET, positron emission tomography; CDR-SB, Clinical Dementia Rating-Sum of
Boxes; ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive Subscale; MD, mean difference; NA, not applicable; SMD, standardized mean
difference; MMSE, mini-mental state examination.

https://doi.org/10.1371/journal.pmed.1004568.t003
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Table 4. Results of meta-regression analyses for serious adverse events,

ARIA-E, and headache.

Serious adverse event ARIA-E Headache
Risk Ratio (95% CI) P-value Risk Ratio (95% CIl) P-value Risk Ratio (95% CI) P-value
Mean age 0.97 (0.91, 1.04) 0.41 0.67 (0.46, 0.98) 0.04- 0.96 (0.90, 1.03) 0.25
Mean MMSE | 0.99 (0.94, 1.04) 0.65 0.95 (0.67, 1.33) 0.75 1.04 (1.00, 1.09) 0.07
APOE4 carrier | 1.00 (1.00, 1.01) 0.65 1.00 (0.97, 1.02) 0.89 1.00 (1.00, 1.01) 0.42
percentage
AB burden 0.99 (0.98, 1.01) 0.33 1.01 (0.98, 1.04) 0.37 1.00 (0.99, 1.02) 0.83
on PET
AD-Stage RR compared to | P-values for RR compared to | P-values for RR compared to P-values for
placebo (95% CI) | com-parison placebo (95% CIl) | comparison with the placebo (95% CI) compari-son with
with the reference the reference
Early 0.98 (0.86, 1.10) | NA 8.32(3.78, 18.30) | NA 1.27 (1.15, 1.41) NA
Mild-moderate | 1.10 (0.94, 1.30) 0.24 13.25 (4.56, 38.52) | 0.49 1.01 (0.83, 1.22) 0.04~
Drug RR compared to | P-values for RR compared to | P-values for RR compared to P-values for
placebo (95% CI) | com-parison placebo (95% CI) | comparison with the | placebo (95% ClI) compari-son with
with the reference the reference
Lecanemab 1.25(0.97,1.60) | NA 7.52 (1.82,31.09) |NA 1.37 (1.03, 1.82) NA
(reference)
Gantenerumab | 0.82 (0.67, 1.02) 0.01- 9.56 (3.45, 26.55) |0.79 1.27 (0.98, 1.63) 0.69
Donanemab 1.10 (0.88, 1.37) 0.46 11.67 (2.83, 47.22) | 0.67 1.42 (1.09, 1.84) 0.86
Aducanumab 0.98 (0.81, 1.18) 0.13 11.43 (4.20, 31.06) | 0.64 1.29 (1.10, 1.52) 0.73
Solanezumab | 0.94 (0.84, 1.06) 0.05 1.45 (0.33, 6.39) 0.12 0.97 (0.79, 1.19) 0.06
Bapineuzumab | 1.19 (1.01, 1.40) 0.76 19.33 (7.40, 50.51) | 0.28 1.06 (0.83, 1.35) 0.18
Antibody type | RR compared to | P-values for RR compared to | P-values for RR compared to P-values for

placebo (95% CI)

com-parison

placebo (95% CI)

comparison with the

placebo (95% CI)

compari-son with

with the reference the reference
human 0.91 (0.77, 1.07) NA 10.53 (3.72, 29.81) | NA 1.28 (1.12, 1.47) NA
(reference
humanized 1.07 (0.96, 1.20) 0.10 9.36 (4.02, 21.80) | 0.86 1.15 (1.01, 1.30) 0.23
Binding RR compared to | P-values for RR compared to | P-values for RR compared to P-values for
mechanis placebo (95% CI) | com-parison placebo (95% CIl) | comparison with the placebo (95% CI) compari-son with
m with the reference the reference
Monomer 0.94 (0.76, 1.16) NA 1.51 (0.39, 5.82) NA 0.97 (0.79, 1.19) NA
(reference
Oligomer or 1.04 (0.91, 1.19) 0.41 11.51 (7.35, 18.02) | 0.01- 1.25(1.12, 1.39) 0.04-
Aggregates
Plaque only 1.10 (0.79, 1.52) 0.42 11.67 (3.71, 36.69) | 0.02- 1.42 (1.09, 1.84) 0.03-
Biological |RR compared to |P-values for RR compared to | P-values for RR compared to P-values for
effect placebo (95% CI) | com-parison placebo (95% CIl) | comparison with the placebo (95% CI) compari-son with

with the reference the reference
Yes (reference) | 1.05 (0.93, 1.18) NA 11.23 (7.75, 16.3) | NA 1.27 (1.15, 1.41) NA
No 0.94 (0.77, 1.14) 0.32 1.55(0.43, 5.54) 0.003- 0.97 (0.79, 1.19) 0.02-

For the categorical modifiers (AD-stage, drug, antibody type, binding mechanism and biological effect), risk ratio compared to placebo and P-values for
comparison with the reference group are shown. Reference groups are shown in the table.

*P-value < 0.05.
MMSE, mini-mental state examination; Cl, confidence interval; AD, Alzheimer’s Disease; AB, amyloid-beta; PET, positron emission tomography; NA,

not applicable;

RR, risk ratio.

https://doi.org/10.1371/journal.pmed.1004568.t004
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(a) Death

Experimental Control Weight Weight
Study Events Total Events Total Risk Ratio RR 95%-Cl (common) (random)
GRADUATE | 3 503 10 481 0.29 [0.08; 1.04] 10.6% 6.1%
GRADUATE Il 7 501 4 474 —Te— 1.66 [0.49; 5.62] 4.2% 6.6%
TRAILBLAZER-ALZ2 16 853 10 874 - 1.64 [0.75; 3.59] 10.2% 12.9%
Clarity_AD 6 898 7 897 —— 0.86 [0.29; 2.54] 7.2% 8.0%
EMERGE 6 1091 5 547 —— 0.60 [0.18; 1.96] 6.9% 7.0%
ENGAGE 5 1107 0 540 — 1 5.37 [0.30; 96.91] 0.7% 1.4%
EXPEDITION3 9 1054 17 1067 —T 0.54 [0.24; 1.20] 17.5% 12.5%
EXPEDITION1 & 2 24 1027 19 1025 - 1.26 [0.69; 2.29] 19.7% 18.0%
Study 3000 2 530 3 344 — 0.43 [0.07; 2.58] 3.8% 3.4%
Study 3001 4 654 4 439 — 0.67 [0.17; 2.67] 4.9% 5.4%
Study 301 11 666 7 524 — 1.24 [0.48; 3.17] 8.1% 10.0%
Study 302 15 673 5 448 T 2.00 [0.73; 5.46] 6.2% 9.0%
Common effect model 9557 7660 1.02 [0.77; 1.35] 100.0% 5
Random effects model 0.99 [0.70; 1.40] . 100.0%
Prediction interval [0.47; 2.08]

Heterogeneity: /% = 21%, v = 0.0794, p = 0.24
01 0512 10
Favors Antibody Favors Placebo

(b) ARIA E Experimental Control Weight Weight
Study Events Total Events Total Risk Ratio RR 95%-Cl (common) (random)
GRADUATE | 119 497 8 476 S 1425 [7.04; 28.83] 6.8% 9.6%
GRADUATE Il 128 496 18 470 = 6.74 [4.18; 10.86] 15.5% 10.4%
TRAILBLAZER-ALZ2 205 853 18 874 = 11.67 [7.28; 18.72] 14.9% 10.4%
Clarity_AD 113 898 15 897 = 7.52 [4.43; 12.79] 12.6% 10.2%
EMERGE 328 1078 13 544 L 12.73 [7.39; 21.95] 14.5% 10.2%
ENGAGE 340 1099 16 532 = 10.29 [6.30; 16.80] 18.1% 10.3%
EXPEDITION3 1 1054 2 1067 — H 0.51 [0.05; 5.57] 1.7% 4.1%
EXPEDITION1 & 2 9 1027 4 1025 T 225 [0.69; 7.27] 3.4% 7.8%
Study 3000 44 530 2 344 —— 14.28 [3.48; 58.52] 2.0% 6.9%
Study 3001 109 654 9 439 = 8.13 [4.16; 15.87] 9.0% 9.8%
Study 301 45 666 1 524 ——— 35.41 [4.90; 256.00] 0.9% 5.1%
Study 302 103 448 1 673 5 —— 154.73 [21.67; 1104.90] 0.7% 5.1%

1

Common effect model 9300 7865 0 10.88 [8.97; 13.19] 100.0% .

Random effects model <> 9.79 [5.32; 18.01] . 100.0%

Prediction interval [r— [1.09; 87.81]

Heterogeneity: /2 = 60%, t2 = 0.8727, p < 0.01 I T T 1

0.001 01 1 10 1000
Favors Antibody Favors Placebo
(c) ARIA-H
Experimental Control Weight Weight

Study Events Total Events Total Risk Ratio RR 95%-Cl (common) (random)
GRADUATE | 118 497 59 476 —— 1.92 [1.44; 2.55] 12.8% 14.5%

GRADUATE Il 109 496 57 470 —°-:— 1.81 [1.35; 2.43] 12.5% 14.4%
[ TRAILBLAZER-ALZ2 268 853 119 874 e 2.31 [1.90; 2.80] 25.0% 15.8%
I Clarity_AD 155 898 81 897 —*—.— 1.91 [1.49; 2.46] 17.3% 15.0%

EMERGE 195 1078 37 544 4]—*— 2.66 [1.90; 3.72] 10.5% 13.7%

ENGAGE 198 1099 34 532 —— 2.82 [1.99; 4.00] 9.8% 13.5%
[EXPEDITION1&2 50 1027 57 1025 —®— : 0.88 [0.60; 1.27] 12.2% 13.1%

i
"

Common effect model 5948 4818 <> 2.04 [1.84;2.27] 100.0% -

Random effects model - 1.94 [1.47; 2.57] -- 100.0%

Prediction interval — [0.75; 5.06]

Heterogeneity: 12 = 79%, t° = 0.1181, p < 0.01 I T !
0.5 1 2 10
Favors Antibody Favors Placebo

|Gantenerumab | Donanemab |Lecanemab |Aducanumab| Solanezumab || Beprineuzumab

Fig 4. Forest plots for safety outcomes. (a) Death, (b)ARIA-E, and (c) ARIA-H. A number of events in
experimental and control groups, risk ratio (RR), and its 95% confidence interval (Cl), and weights are shown.
The overall results are shown for both the random effects model and the common effect model. Forest plots
show the effect size and its 95% ClI, with the size of the gray squares representing the weight of each study. /2
value, 12 value calculated using the Mandel-Paule
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algorithm, and the P-value from Cochran’s Q test for heterogeneity are provided. Additionally, the prediction
inter-val is also presented. ARIA-E, Amyloid-Related Imaging Abnormalities-Effusion; ARIA-H, Amyloid-
Related Imaging Abnormalities-Hemorrhage.

https://doi.org/10.1371/journal.pmed.1004568.9g004

interaction between AD stage and the risk of headache (p = 0.04), indicating a greater
risk of headache in trials including patients with mild to moderate AD compared to
trials including patients with early-stage AD (Table 4 andS16A Fig). Also, antibodies
with no biological effect were associated with a lower risk of headache (p = 0.02,

S16E Fig).

Tertiary outcome

Although there was some variation in the definition of cerebral macrohemorrhage
(Text H inS1 File), we included 8 trials in the analysis. In the random-effect model,
the association between mAb therapies and risk of cerebral macrohemorrhage was
not significant (RR 1.77, 95% CI [0.88,3.57]), though there was a significant
association observed in the common-effect model (RR 1.84, 95% CI [1.01,3.36]).
Heterogeneity was relatively mild (12 = 0.09, I = 14.71%, p = 0.32) (S21 Fig).

Number needed to treat/harm

The NNT was 8 for CDR-SB and 4 for ADAS-Cog (Table E inS1 File). For
adverse events, NNH was 7 for ARIA-E, 10 for ARIA-H, and 54 for headache.

Sensitivity analyses

In total, we performed eight sensitivity analyses and summarized the result in Table 5.

The results of the sensitivity analyses were consistent with the main analyses in
both primary and secondary outcomes. First, we performed sensitivity analyses,
excluding antibod-ies that did not show any biological effect of decreasing AB burden
in the brain, which was solanezumab [16,17]. The results were similar to the main
analyses (S22-S24 Figs). Second, we omitted trials where the maximum antibody
dosage was < 3 mg/kg, assuming an average patient weight of 100 kg. This excluded
the trials with bapineuzumab [32,33], as the dosage in these studies ranged only from
0.5 to 1.0 mg/kg. The resultant effect sizes for primary end-points were slightly larger
than the main analyses (CDR-SB: MD 0.31, 95% CI [-0.46, —0.17]; ADAS-Cog: SMD
—-0.10, 95% CI [-0.14, -0.08]) (S25-S27 Figs). Third, we excluded the trials that
halted early as a result of the interim analysis, EMERGE, and ENGAGE, which
evaluated aducanumab. The resultant effect sizes for primary and secondary
endpoints were similar to the main analysis (528-S30 Figs). Moreover, we omitted
both solanezumab and bapineu-zumab, which were omitted in the first and second
sensitivity analyses. This caused the effect sizes for primary endpoints to increase
further (CDR-SB: MD -0.35, 95% CI [-0.53, —-0.17]; ADAS-Cog: SMD -0.14, 95% CI
[-0.18, —0.09]) (S31 Fig). Nonetheless, the absolute value of the SMD for ADAS-Cog
remained < 0.2, indicating a small effect on improving cognition.

Consistent with the primary analysis, the risk of ARIA-E and headache were higher in
the antibody-treated group (S32andS33 Fig). Subsequently, we omitted trials with
solanezumab, bapineuzumab, and aducanumab, which were omitted in the first,
second, and third sensitiv-ity analyses (S34-S36 Figs). This caused the effect sizes
for primary endpoints, especially the change in CDR-SB, to increase further (CDR-
SB: MD -0.44, 95% CI [-0.65, —0.23]; ADAS-Cog: SMD -0.13, 95% CI [-0.18,
—-0.09)).



In the main analysis, the groups with two doses of the antibody arm were
combined to form a single antibody group, but analyses were also conducted
separately for both the
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(a) Headache

Experimental Control Weight Weight
Study Events Total Events Total Risk Ratio RR 95%-Cl (common) (random)
GRADUATE | 60 503 43 481 ——;—*—— 1.33 [0.92; 1.93] 5.9% 6.1%
GRADUATE I 64 501 50 474 —T— = 1.21 [0.86; 1.72] 6.8% 6.9%
[ TRAILBLAZER-ALZ2 119 853 86 874 ——==— 1.42 [1.09; 1.84] 11.3% 12.3%
Il Clarity_AD 100 898 73 897 1.37 [1.03; 1.82] 9.7% 10.2%
IEMERGE 217 1091 84 547 — 1.30 [1.03;1.63] 14.9% 15.9%
ENGAGE 214 1107 81 540 — 1.29 [1.02; 1.63] 14.5% 15.3%
EXPEDITION3 87 1054 88 1067 — 1.00 [0.75; 1.33] 11.6% 10.4%
EXPEDITION1 & 2 72 1027 77 1025 4'—}—— 0.93 [0.68; 1.27] 10.3% 8.8%
Study 301 64 666 49 524 —_— 1.03 [0.72; 1.46] 7.3% 6.7%
Study 302 78 673 48 448 1.08 [0.77;1.52] 7.7% 7.3%
Common effect model 8373 6877 <> 1.20 [1.10; 1.32] 100.0% i
Random effects model < 1.21 [1.10; 1.32] . 100.0%
Prediction interval — [1.08; 1.34]
Heterogeneity: 12 = 0%, t2= 0, p = 0.47
075 1 1.5
Favors Antibody Favors Placebo
(b) Fall
Experimental Control Weight Weight
Study Events Total Events Total Risk Ratio RR 95%-Cl (common) (random)
GRADUATE | 63 503 62 481 ——'li— 0.97 [0.70; 1.35] 7.0% 6.9%
GRADUATE Il 50 501 52 474 e — 0.91 [0.63; 1.31] 5.9% 5.5%
TRAILBLAZER-ALZ2 114 853 110 874 —E 1.06 [0.83; 1.36] 12.0% 12.3%
Clarity_AD 93 898 86 897 —E— 1.08 [0.82; 1.43] 9.5% 9.5%
EMERGE 144 1091 71 547 — 1.02 [0.78; 1.33] 10.4% 10.5%
ENGAGE 166 1107 57 540 | ——=%—— 1.42 [1.07; 1.88] 8.4% 9.2%
EXPEDITION3 162 1054 161 1067 — 1.02 [0.83; 1.25] 17.6% 18.2%
EXPEDITION1 & 2 92 1027 107 1025 0.86 [0.66; 1.12] 11.8% 10.5%
Study 301 86 666 73 524 0.93 [0.69; 1.24] 9.0% 8.7%
Study 302 100 673 64 448 —-:— 1.04 [0.78; 1.39] 8.5% 8.7%
1
Common effect model 8373 6877 : 1.03 [0.94; 1.12] 100.0% v
Random effects model 1.03 [0.94; 1.12] . 100.0%
Prediction interval [0.93; 1.14]
Heterogeneity: 12=0%,t*=0,p =0.53
0.75 1 1.5
Favors Antibody Favors Placebo
(c) Dizziness
Experimental Control Weight Weight
Study Events Total Events Total Risk Ratio RR 95%-Cl (common) (random)
GRADUATE | 45 503 41 481 — 1.05 [0.70; 1.57] 9.4% 9.4%
GRADUATE Il 39 501 29 474 1.27 [0.80; 2.02] 6.6% 7.2%
[ TRAILBLAZER-ALZ2 53 853 48 874 1.13 [0.77; 1.65] 10.6% 10.7%
lCIarity_AD 49 898 46 897 —_—r 1.06 [0.72; 1.57] 10.3% 10.1%
EMERGE 97 1091 44 547 —E— 1.11 [0.79; 1.55] 13.1% 13.3%
ENGAGE 103 1107 54 540 — 0.93 [0.68; 1.27] 16.2% 15.8%
EXPEDITION3 62 1054 58 1067 — 1.08 [0.76; 1.53] 12.9% 12.8%
EXPEDITION1 & 2 58 1027 57 1025 L 1.02 [0.71; 1.45] 12.7% 12.2%
|l study 302 54 673 31 448 1.16 [0.76; 1.77] 8.3% 8.5%
Common effect model 7707 6353 = 1.07 [0.95; 1.21] 100.0% .
Random effects model E 1.07 [0.95; 1.21] . 100.0%
Prediction interval [0.92; 1.24]

Heterogeneity: /% = 0%, t° = 0, p = 0.99 f J
0.8 1 2
Favors Antibody Favors Placebo

| Gantenerumab | Donanemab |Lecanemab JAducanumab Solanezumab | Beprineuzumab

Fig 5. Forest plots for safety outcomes related to symptoms. (a) Headache, (b) Fall, and (c) Dizziness. The
overall results are shown for both the random effects model and the common effect model. Forest plots show the
risk ratio (RR) and its 95% confidence interval (Cl), with the size of the gray squares representing the weight of
each study. Iz value, 12 value calcu-lated using the Mandel-Paule algorithm, and the P-value from Cochran’'s Q
test for heterogeneity are provided. Addition-ally, the prediction interval is also presented.

https://doi.org/10.1371/journal.pmed.1004568.g005
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Table 5. Summary of sensitivity analyses.

CDR-SB ADAS-Cog |Death SAE ARIA-E | ARIA-H | Headache Fall Dizzines
MD SMD RR (95% |RR RR RR RR RR RR (95%
(95% ClI) (95% ClI) Cl) (95% CI) |(95% CI) |(95% CI) |(95% CI) |(95% CI) |CI)
Main analysis -0.25 (-0.38,| —-0.09 (-0.12,/ 0.99 (0.70, | 1.02 (0.92, 9.79 (5.32,/ 1.94 (1.47,/ 1.21 (1.10,| 1.03 (0.94,| 1.07
-0.11) -0.06) 1.40) 1.13) 18.01) 2.57) 1.32) 1.12) (0.95,
Excluding solanezumab -0.25 (-0.41,| -0.10 (-0.14,| 1.04 (0.69, | 1.05 (0.93,| 11.2 (7.74, 2.17 (1.89, 1.27 (1.15, 1.06 (0.95,/ 1.08
-0.09) -0.06) 1.58) 1.19) 16.31) 2.50) 1.41) 1.17) (0.93,
Excluding bapineuzumab -0.31 (-0.46, -0.11 (-0.14,| 0.94 (0.58, | 0.98 (0.88,| 7.72 (4.39,| 1.94 (1.47,| 1.23 (1.11,| 1.04 (0.94, 1.06
-0.17) -0.08) 1.48) 1.08) 13.57) 2.57)4 1.36) 1.14) (0.93,
Excluding aducanumab -0.25 (-0.41,| -0.08 (-0.11,|1.01 (0.70, | 1.03 (0.91,| 9.47 (4.30,/ 1.71 (1.25,|1.17 (1.04, 0.99 (0.90,| 1.10
-0.10) -0.05) 1.45) 1.16) 20.89) 2.36) 1.31) 1.09) (0.95,
Exclusing solanezumab and -0.35 (-0.53,| -0.14 (-0.18,| 0.97 (0.52, | 1.00 (0.87, 9.85 (7.81,/ 2.17 (1.89, 1.32 (1.18, 1.08 (0.96,| 1.07
bapineuzumab -0.17) -0.09) 1.84) 1.15) 12.42) 2.50)+2 1.48) 1.22) (0.92,
Excluding solanezumab, —-0.44 (-0.65, —0.13 (-0.18,|0.97 (0.45, | 1.00 (0.81,| 9.23 (6.61,| 2.04 (1.81,|1.35 (1.15,) 1.02 (0.88,| 1.12
bapineuzumab and aducanumab -0.23) -0.09) 2.11) 1.24) 12.88) 2.31) 1.57) 1.18) (0.91,
Included only the low-dose group -0.26 (-0.39,| -0.09 (-0.12,/ 0.96 (0.63, | 1.01 (0.92, 8.88 (5.00,41.89 (1.46, 1.19 (1.08, 1.01 (0.93,/ 1.06
-0.14) -0.06) 1.45) 1.12) 15.77) 2.44) 1.31) 1.11) (0.93,
Included only the high-dose group -0.23 (-0.37, -0.08 (-0.12,| 1.08 (0.77, | 1.02 (0.92,| 10.5 (5.51,/ 1.99 (1.47, 1.22 (1.11, 1.03 (0.94,| 1.10
-0.08) -0.05) 1.50) 1.13) 20.11) 2.69) 1.34) 1.13) (0.96,
Including trials with patients < 200 per | -0.22 (=0.35,  -0.09 (-0.12,|0.89 1.00 (0.92, 9.09 (5.26,/ 1.71 (1.33, 1.16 (1.05,| 1.03 (0.95,| 1.08
arm in addition to the trials in the main | —0.10) —-0.06) (0.92,1.09) | 1.09) 15.69) 2.20) 1.27) 1.11) (0.96,

~1ARIA-H was not reported in bapineuzumab trials; therefore the results are the same as that in the main analysis.

2ARIA-H was not reported in bapineuzumab trials; therefore the results are the same as that in the sensitivity analysis that excluded only solanezumab.

CDR-SB, Clinical Dementia Rating-Sum of Boxes; ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive Subscale; SAE, serious adverse
event; ARIA-E, amyloid-related imaging abnormalities with edema or effusion; ARIA-H, amyloid-related imaging abnormalities with hemorrhage; MD,

mean difference; SMD, stan-dardized mean difference; RR, risk ratio.

https://doi.org/10.1371/journal.pmed.1004568.t005
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donanemab, lecanemab, and aducanumab, while no difference was noted in trials
using solanezumab. In the bapineuzumab studies, only Study 302 showed a
decrease in AB burden.
Tau PET results were reported only in recent trials with small sample sizes. In the
pooled results from EMERGE and ENGAGE (aducanumab), tau burden decreased in
regions such as the medial temporal lobe in the experimental arm, but no significant
changes were seen in other regions. No difference in tau burden between the
treatment and the placebo group was observed in trials with gantenerumab and
donanemab, and results from the Clarity-AD trial are yet to be reported.

CSF and plasma biomarker results are summarized in Tables E and F inS1 File,
respec-tively. There was significant variation in the types of biomarkers measured
across the trials.

The level of A4z, which is associated with Alzheimer’s pathology due to its tendency
to aggregate more readily than other forms of AR [36], was reported to be increased
in the CSF in most of the trials. Plasma AP levels were reported only in a few trials.
Interestingly, it was reported in several trials that plasma and CSF p-tau levels
significantly decreased in the treat-ment group.

Discussion

Here, we have updated and expanded the findings of previous meta-analyses by
including recently reported donanemab and gantenerumab studies. Various meta-
regression analyses were also conducted to explore differences due to the
characteristics of patients included in the trials and the antibodies used.

The findings of our updated meta-analyses on the efficacy and safety of anti-Af3
mADb therapies in patients with AD can be summarized as follows: (1) Anti-A3 mAb
therapies are associated with slowing cognitive decline compared with placebo;
however, the overall effect is small; (2) Anti-AB mAb therapies are associated with
increased risk of ARIA-E, ARIA-H, and headache compared with placebo; (3) No
association was observed between anti-A3 mAb therapies and risk of death, SAEs,
fall, dizziness, or cerebral macrohemorrhage; (4) Trials including patients in the early
stages of AD yielded more favorable results than those involv-ing patients with mild-
to-moderate AD; (5) Compared to lecanemab, bapineuzumab may be less effective;
(6) No significant increase in the risk of side effects was observed between
lecanemab and other antibodies.

The focus of our screening strategy and selection process was large RCTs
with at least 200 patients in each arm in efficacy/safety outcomes, similar to the
previous report [8].

We also included the latest trial results for donanemab and gantenerumab [4,13].
This strategy contributed to the robustness of our results but also resulted in
exclusion of some insightful trials which were terminated early due to futility, such as
phase lll trials of cren-ezumab (NCT03114657, NCT02670083) [34] or another phase
1l trial of gantenerumab (NCT 01224106) [35]. The Egger’s test P-value was < 0.05
for CDR-SB change, suggesting an absence of smaller-size trials with favorable
outcomes for mAb therapies. Notably, even when three trials with fewer than 200
participants per group were included, the Egger’s test P-value for CDR-SB change
remained < 0.05, as these trials were terminated early due to lack of efficacy [34,35].
Despite this, the risk of publication bias remains low. This is because this meta-
analysis exclusively includes RCTs, which are typically pre-registered on platforms
such as ClinicalTrials.gov. This pre-registration process for RCTs implies a reduced
risk of publica-tion bias in our analysis.

In terms of the efficacy, no trial demonstrated that mAb halted cognitive decline
or improved cognitive function in patients with AD relative to baseline measurement.



Substan-tial heterogeneity was observed in the change in CDR-SB scores, whereas
heterogeneity was
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mild when assessed by ADAS-Cog. In CDR-SB, the criteria include aspects such as
attendance in community affairs, personal care, and home and hobbies. Significant
individual differ-ences in the timing of losing these abilities might have led to greater
variability across trials. On the other hand, ADAS-Cog focuses on more detailed
cognitive abilities, which may allow for a more sensitive assessment of cognitive
maintenance or decline. The mild heterogeneity observed with ADAS-Cog suggests
that this measure may provide a more reliable assessment of the overall trend in
cognitive decline compared to CDR-SB.

Although statistically significant, the effect sizes associated with slowing cognitive
decline were small. The MD between the mAb treatments and placebo was —0.25 on
the 18-point CDR-SB score, which is smaller than the commonly accepted thresholds
of 0.50 for clinically meaningful change in patients with MCI [37,38]. Also, the
absolute value of the SMD was less than 0.2 when using ADAS-Cog as a measure,
indicating a similarly small effect. Even after the exclusion of solanezumab and
bapineuzumab, which either lacked a biological effect in reducing brain AP burden or
were administered at significantly lower doses, the SMD between the remaining
antibodies and placebo remained at —0.12, indicating a small effect. Importantly,
sensitivity analysis, including smaller studies with fewer than 200 participants per
arm, showed consistent findings in ADAS-Cog, which confirms the robustness of our
results. These results are consistent with previous findings for the same drug class
[8-13]. To explore the source of heterogeneity, we performed multiple meta-
regression analyses. Compared to lecanemab, bapineuzumab was less effective in
slowing cognitive decline, likely due to its significantly lower doses, ranging from three
to 10 times lower than those used in trials of other drugs. This indicates that the
observed lack of efficacy might not stem from bapineuzumab’s inherent properties,
but rather from insufficient administration. Reflecting the positive trials focused on
patients with early AD, such as those with lecanemab and donanemab, we observed
a signifi-cant interaction between the recruitment of patients with early AD and the
slowing of cogni-tive decline. However, the impact on later-stage patients remains
unclear for lecanemab and donanemab due to the lack of trials, and are thus awaiting
future real-world data.

For safety endpoints, mAb therapy targeting ApB was associated with an increased
risk of ARIA-E, ARIA-H, and headache. ARIA-E and ARIA-H demonstrated
substantial heterogene-ity, SAE exhibited moderate heterogeneity, and other safety
endpoints showed mild hetero-geneity across trials. Substantial heterogeneity in ARIA
was mainly driven by solanezumab, which uniquely targets monomers and has not
demonstrated a biological effect in reducing brain Ap burden. The lower ARIA risk in
solanezumab might be related to its preferential binding to AB monomers, which may
be cleared from the brain without affecting aggre-gated AB. The consequences of
ARIA were reported to be rarely severe enough to meet the definition of SAE, and
mAb use was not associated with risk of SAEs in our analysis. In the TRAILBLAZER-
ALZ2 trial that investigated donanemab, three ARIA-associated deaths were reported,
indicating that ARIA should not be underestimated [4]. The use of mAbs was also
associated with an increased risk of experiencing headache. Similar to the risk of
observing ARIA-E, the use of antibodies that target monomers was inversely
associated with the risk of headache. This result is consistent with the reports
indicating that headache is one of the symptoms associated with ARIA [39]. The risk
stratification for individuals with ARIA who experience more severe outcomes or
headaches, along with management strategies and long-term consequences of ARIA,
remain unclear and thus await further phase IV trial study and real-world data.
Although the definition of cerebral macrohemorrhage differed across trials, we
analyzed the association between mAb use and cerebral macrohemorrhage. In the
random effect model, although there was a trend associated with mAb use, no



statistically significant association was found. However, in the open-label lecanemab
study, three deaths from brain hemorrhage were reported, suggesting that close
patient monitoring is warranted [40].
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NNT was 8 for difference in CDR-SB mean change compared with placebo,
indicating a small effect size. And NNHs were 7,10, and 54 for ARIA-E, ARIA-H, and
Headache, respec-tively. One thing to be cautious about is that although Kraemer’s
method [25] for calculation of NNT for continuous outcomes is used in several meta-
analyses [8,41], the definitions differ slightly from the conventional definition of NNT,
and as a result, the calculated NNT is slightly lower than the actual observed NNTs
[42]. Therefore, the true NNT for continuous outcomes might be slightly higher.

We did not perform a meta-analysis for neuroimaging and fluid biopsy results due
to (1) Variability in the radiotracers used in PET scans and measured biomarkers, (2)
PET results being reported as standardized uptake value ratios (SUVR), which
complicating direct com-parisons, and (3) The absence of AB levels in CSF or plasma
from the TRAILBLAZER-ALZ2 trial of donanemab, and excluding this data could lead
to misleading conclusions. In addition, raw neuroimaging and fluid biopsy data were
not fully released by these phase Il trials yet. lecanemab, gantenerumab, and
aducanumab showed a reduction in brain A burden as mea-sured by amyloid PET
following treatment, alongside increases in CSF AB42 levels. However, despite the
reduction in brain Ap burden, the impact on cognitive decline has been small in this
study, reflecting the complex nature of AD. Other factors, such as neuroinflammation,
oxidative tissue damage, or mitochondrial dysfunction also significantly contribute to
disease progression in AD [36]. Addressing these factors simultaneously may be
crucial for slowing cognitive decline effectively. Notably, these trials reported
decreased p-tau levels in both CSF and plasma, potentially supporting the amyloid
cascade hypothesis by suggesting that AR accumulation modulates other AD
pathologies, such as tau [36]. These findings are based on a limited number of
patients, and further investigation is needed to better understand these effects.

When considering the application of mAb therapy, it is crucial to consider not only
the drug'’s effect on the patient but also the broader societal impact, such as
reduced caregiver burden. Reports on the cost-effectiveness of commercially
available anti-AB antibodies conducted in the US suggest that, when compared to
standard care without the use of these antibodies, lecanemab and donanemab
extend quality-adjusted life years by 0.61 and 0.62 years, respectively [43,44]. While
the results of medico-economic effects analysis depend heavily on regional
variations in caregiving costs, which calls for caution in interpretation, the price of
lecanemab, 26,500 USD per year, is considered to be set lower than its antici-pated
socioeconomic value in the US [43]. A study that analyzed the cost-effectiveness of
donanemab, assuming an annual price of 28,000 USD, which is lower than the
actual 32,000 USD per year, found that donanemab would not be cost-effective at
this price point [44].

However, donanemab’s unique dosing regimen, where treatment is paused once
significant amyloid reduction is achieved, suggests that anti-amyloid antibody
treatments could still be cost-effective if they are sufficiently effective. In contrast, in
the United Kingdom, National Institute for Health and Care Excellence did not
recommend the use of either lecanemab or donanemab within the national health
service due to their limited clinical benefits and high cost. [45,46]. Thus, the cost-
effectiveness of mAb therapy remains controversial, with signif-icant variations in
assessment across countries. Further observation is necessary to verify the cost-
effectiveness of these antibodies in real-world settings.

We acknowledge several potential limitations. First, ADAS-Cog scores were
reported using different versions (11, 13, and 14), and SMD were calculated for
standardization. However, no imputation was performed for unique items in ADAS-
Cog 13 and 14, relying on the assump-tion that these items correlate with shared
items across versions, which is a limitation. Reports on secondary or tertiary



endpoints were also unavailable in some RCTSs, and no imputation was performed for
these cases. Second, due to slight variations in the definition of cerebral
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macrohemorrhage across trials, results must be interpreted with caution. Moreover,
statistical heterogeneity was relatively high for ARIA-E and ARIA-H, which produced
wide Cls and indicates that the true effect sizes in these cases varies considerably. To
address this heteroge-neity, meta-regression analyses were conducted. However,
analyses concerning patient-level characteristics were not performed. It is also
important to note that trial designs and analysis methods differed slightly across trials,
and we could not take every difference into account. For example, the trial that tested
donanemab was stopped in patients who reached low levels of amyloid and had
shortened exposures, which might have reduced the risk of side effects compared
with other antibodies. Also, in the same trial that tested donanemab, the presence of
phosphorylated tau 181 was part of the eligibility criteria, which was later removed
through a protocol amendment. Finally, careful interpretation of NNT is required, as it
may sometimes be calculated lower than the actual observed NNT [25,42].

In conclusion, this updated meta-analysis provides evidence that mAb therapies for
AD significantly slow cognitive decline compared with placebo, though the effect size
remains small. Some antibodies were able to slow cognitive deterioration, while none
of the antibodies demonstrated an improvement from baseline cognitive function.
These antibody therapies were associated with higher risk of ARIA-E, ARIA-H and
headache. Particularly regarding ARIA, there is insufficient knowledge about the
stratification of risks that could lead to more severe outcomes, making further
investigation necessary. The long-term results of this treat-ment remain unclear; drugs
appear to be more effective when started early. Since cognitive decline complicates
the understanding of its risk-benefit, it is advisable to start consultations on its use as
soon as patients are diagnosed with AD, considering both medical and socioeco-
nomic factors.
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S1 Fig. Funnel plots for efficacy endpoints. (a) The Clinical Dementia Rating-Sum
of Boxes (CDR-SB) and (b) Alzheimer’s Disease Assessment Scale-Cognitive
Subscale (ADAS-Cog). Filled circles represent estimated treatment effect (risk ratio)
and its precision (standard error) for each individual study. In addition to individual
study results, the fixed effect estimate (ver-tical dashed line) with 95% confidence
interval limits (diagonal dashed lines) and the random effects estimate (vertical dotted
line) are shown in the figures. Also, P-values of Egger’s test are shown. *P-value <
0.05.

(PDF)

S2 Fig. Funnel plots for safety endpoints. (a) Death, (b) Serious Adverse Event,
(c)ARIA-E, (d) Headache, and (e) Fall. Filled circles represent estimated treatment



effect (risk ratio) and its precision (standard error) for each individual study. In addition
to individual study results,
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the fixed effect estimate (vertical dashed line) with 95% confidence interval limits
(diagonal dashed lines) and the random effects estimate (vertical dotted line) are
shown in the figures. Also, P-values of Egger’s test are shown. *P-value < 0.05.
ARIA-E, Amyloid-Related Imaging Abnormalities-Effusion; ARIA-H, Amyloid-Related
Imaging Abnormalities-Hemorrhage.

(PDF)

S3 Fig. Bubble plots showing the results of meta-regression of CDR-SB mean
difference by (a) Mean age, (b) MMSE score, (c) ApoE4 carrier percentage, and
(d) Amyloid beta bur-den in PET. The size of the bubbles shows the inverse of the
variance of the mean difference in each trial, with larger bubbles indicating trials with
higher precision. The P-values from the meta-regression analysis are also reported.
CDR-SB, the Clinical Dementia Rating-Sum of Boxes; MMSE, Mini-Mental State
Examination; PET, positron emission tomography.

(PDF)

S4 Fig. Bubble plot showing the results of meta-regression of ADAS-Cog
standardized mean difference by difference by (a) Mean age, (b) MMSE score,
(c) ApoE4 carrier per-centage, and (d) Amyloid beta burden in PET. The size of
the bubbles shows the inverse of the variance of the standardized mean difference
in each trial, with larger bubbles indicating trials with higher precision. The p-values
for comparison with the reference group (shown as “ref’) from the meta-regression
analysis are also reported on the top of the bubble plots.

*P-value < 0.05. ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive
Subscale; MMSE, Mini-Mental State Examination; PET, positron emission
tomography.

(PDF)

S5 Fig. Bubble plots showing the results of meta-regression of CDR-SB
standardized mean difference by (a) AD stage, (b) Drug, (c) Antibody type, (d)
Binding mechanism, and (e) Biological effect. The size of the bubbles shows the
inverse of the variance of the mean dif-ference in each trial, with larger bubbles
indicating trials with higher precision. The p-values from the meta-regression analysis
are also reported. *P-value < 0.05. CDR-SB, the Clinical Dementia Rating-Sum of
Boxes; AD, Alzheimer’s Disease.

(PDF)

S6 Fig. Bubble plots showing the results of meta-regression of ADASA-Cog
standard-ized mean difference by (a) AD stage, (b) Drug, (c) Antibody type, (d)
Binding mecha-nism, and (e) Biological effect. The size of the bubbles shows the
inverse of the variance of the standardized mean difference in each trial, with larger
bubbles indicating trials with higher precision. The p-values for comparison with the
reference group (shown as “ref”) from the meta-regression analysis are also reported
on the top of the bubble plots. *P-value < 0.05. ADAS-Cog, Alzheimer’s Disease
Assessment Scale-Cognitive Subscale; AD, Alzheimer’s Disease.

(PDF)

S7 Fig. Forest plot showing the results of meta-analysis for serious
adverse events. (PDF)

S8 Fig. Bubble plots showing the results of meta-regression of death, by (a)
Mean age, (b) MMSE score, (c) ApoE4 carrier percentage, and (d) Amyloid beta
burden in PET. The size of the bubbles shows the inverse of the variance of the
log-transformed risk ratio in each trial, with larger bubbles indicating trials with
higher precision. The p-values from the meta-regression analysis are also reported.
MMSE, Mini-Mental State Examination; PET, Positron Emission Tomography.



(PDF)

PLOS Medicine |https://doi.ora/10.1371/journal.pmed.1004568 March 31, 2025 21/29




PLOS Medicine

Passive immunotherapies targeting amyloid beta in Alzheimer’s disease

S9 Fig. Bubble plot showing the results of meta-regression of death, by (a)
AD stage, (b) Drug, (c) Antibody type, (d) Binding mechanism, and (e)
Biological effect. The size of the bubbles shows the inverse of the variance of the
log-transformed risk ratio in each trial, with larger bubbles indicating trials with
higher precision. The p-values for comparison with the reference group (shown as
“ref”) from the meta-regression analysis are also reported on the top of the bubble
plots. AD, Alzheimer’s Disease.

(PDF)

S10 Fig. Bubble plot showing the results of meta-regression of occurrence of
serious adverse event, by (a) Mean age, (b) MMSE score, (c) ApoE4 carrier
percentage, and (d) Amyloid beta burden in PET. The size of the bubbles shows
the inverse of the variance of the log-transformed risk ratio in each trial, with larger
bubbles indicating trials with higher preci-sion. The p-values from the meta-regression
analysis are also reported. MMSE, Mini-Mental State Examination; PET, positron
emission tomography.

(PDF)

S11 Fig. Bubble plot showing the results of meta-regression of occurrence of
serious adverse event, by (a) AD stage, (b) Drug, (c) Antibody type, (d) Binding
mechanism, and (e) Biological effect. The size of the bubbles shows the inverse of
the variance of the log-transformed risk ratio in each trial, with larger bubbles
indicating trials with higher precision. The p-values for comparison with the reference
group (shown as “ref”) from the meta-regression analysis are also reported on the top
of the bubble plots. *P-value < 0.05. AD, Alzheimer’s Disease.

(PDF)

S12 Fig. Bubble plot showing the results of meta-regression of the occurrence
of ARIA-E, by (a) Mean age, (b) MMSE score, (c) ApoE4 carrier percentage, and
(d) Amyloid beta bur-den in PET. The size of the bubbles shows the inverse of the
variance of the log-transformed risk ratio in each trial, with larger bubbles indicating
trials with higher precision. The p-values from the meta-regression analysis are also
reported. *P-value < 0.05. ARIA-E, amyloid-related imaging abnormalities with
edema; MMSE, Mini-Mental State Examination; PET, positron emission tomography.
(PDF)

S13 Fig. Bubble plots showing the results of meta-regression of the
occurrence of ARIA-E, by (a) AD stage, (b) Drug, and (c) Antibody type. The size
of the bubbles shows the inverse of the variance of the log-transformed risk ratio in
each trial, with larger bubbles indicating trials with higher precision. The p-values for
comparison with the reference group (shown as “ref”) from the meta-regression
analysis are also reported on the top of the bubble plots.

ARIA-E, amyloid-related imaging abnormalities with edema; AD, Alzheimer’s Disease.

(PDF)

S14 Fig. Bubble plots showing the results of meta-regression of the
occurrence of ARIA-E, by (a) Binding mechanism and (b) Biological effect. The
size of the bubbles shows the inverse of the variance of the log-transformed risk ratio
in each trial, with larger bubbles indicating trials with higher precision. The bubble
plots on the left includes all trials, while the bubble plots on the right shows only trials
with a risk ratio of up to 50. The p-values for com-parison with the reference group
(shown as “ref”) from the meta-regression analysis are also reported on the top of the
bubble plots. *P-value < 0.05. ARIA-E, amyloid-related imaging abnormalities with
edema; AD, Alzheimer’s Disease.

(PDF)
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S15 Fig. Bubble plots showing the results of meta-regression of the
occurrence of head-ache, by (a) Mean age, (b) MMSE score, (c) ApoE4 carrier
percentage, and (d) Amyloid beta burden in PET. The size of the bubbles shows
the inverse of the variance of the log-transformed risk ratio in each trial, with larger
bubbles indicating trials with higher precision. The p-values from the meta-regression
analysis are also reported. MMSE, Mini-Mental State Examination; PET, positron
emission tomography.

(PDF)

S16 Fig. Bubble plots showing the results of meta-regression of the
occurrence of head-ache, by (a) AD stage, (b) Drug, (c) Antibody type, (d)
Binding mechanism, and (e) Bio-logical effect. The size of the bubbles shows the
inverse of the variance of the log-transformed risk ratio in each trial, with larger
bubbles indicating trials with higher precision. The p-values for comparison with the
reference group (shown as “ref”) from the meta-regression analysis are also reported
on the top of the bubble plots. AD, Alzheimer’s Disease.

(PDF)

S17 Fig. Bubble plots showing the results of meta-regression of the
occurrence of fall, by (a) Mean age, (b) MMSE score, (c) ApoE4 carrier
percentage, and (d) Amyloid beta burden in PET. The size of the bubbles shows
the inverse of the variance of the log-transformed risk ratio in each trial, with larger
bubbles indicating trials with higher precision. The p-values from the meta-regression
analysis are also reported. MMSE, Mini-Mental State Examination; PET, positron
emission tomography.

(PDF)

S18 Fig. Bubble plots showing the results of meta-regression of the
occurrence of fall, by (a) AD stage, (b) Drug, (c) Antibody type, (d) Binding
mechanism, and (e) Biological effect. The size of the bubbles shows the inverse of
the variance of the log-transformed risk ratio in each trial, with larger bubbles
indicating trials with higher precision. The p-values for comparison with the reference
group (shown as “ref”) from the meta-regression analysis are also reported on the top
of the bubble plots. AD, Alzheimer’s Disease.

(PDF)

S19 Fig. Bubble plots showing the results of meta-regression of the
occurrence of dizzi-ness, by (a) Mean age, (b) MMSE score, (c) ApoE4 carrier
percentage, and (d) Amyloid beta burden in PET. The size of the bubbles shows
the inverse of the variance of the log-transformed risk ratio in each trial, with larger
bubbles indicating trials with higher precision. The p-values from the meta-regression
analysis are also reported. MMSE, Mini-Mental State Examination; PET, positron
emission tomography.

(PDF)

S20 Fig. Bubble plots showing the results of meta-regression of the
occurrence of dizziness, by (a) AD stage, (b) Drug, (c) Antibody type, (d)
Binding mechanism, and (e) Biological effect. The size of the bubbles shows the
inverse of the variance of the log-transformed risk ratio in each trial, with larger
bubbles indicating trials with higher precision. The p-values for comparison with the
reference group (shown as “ref”) from the meta-regression analysis are also reported
on the top of the bubble plots. AD, Alzhei-mer’s Disease.

(PDF)



S21 Fig. Forest plot for cerebral
macrohemorrhage.
(PDF)
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S22 Fig. Sensitivity analysis 1 (excluding solanezumab). Forest plot for efficacy
outcomes. (a) The Clinical Dementia Rating-Sum of Boxes (CDR-SB) and (b)
Alzheimer’s Disease Assessment Scale-Cognitive Subscale (ADAS-Cog).

(PDF)

S23 Fig. Sensitivity analysis 1 (excluding solanezumab). Forest plots for safety outcomes.

(a) Death, (b) Serious Adverse Event, (c) ARIA-E, (d) ARIA-H. ARIA-E:
Amyloid-Related Imaging Abnormalities-Effusion, ARIA-H, Amyloid-Related
Imaging Abnormalities-Hemorrhage.

(PDF)

S24 Fig. Sensitivity analysis 1 (excluding solanezumab). Forest plots for
safety outcomes related to clinical symptoms. (a) Headache, (b) Fall, and (c)
Dizziness.

(PDF)

S25 Fig. Sensitivity analysis 2 (excluding bapineuzumab). Forest plot for
efficacy out-comes. (a) The Clinical Dementia Rating-Sum of Boxes (CDR-SB)
and (b) Alzheimer’'s Dis-ease Assessment Scale-Cognitive Subscale (ADAS-Cog).
(PDF)

S26 Fig. Sensitivity analysis 2 (excluding bapineuzumab). Forest plots for
safety out-comes. (a) Death, (b) Serious Adverse Event, (¢) ARIA-E, (d) ARIA-
H. ARIA-E: Amyloid-Related Imaging Abnormalities-Effusion, ARIA-H, Amyloid-

Related Imaging Abnormalities-Hemorrhage.

(PDF)

S27 Fig. Sensitivity analysis 2 (excluding bapineuzumab). Forest plots for
safety outcomes related to clinical symptoms. (a) Headache, (b) Fall, and (c)
Dizziness.

(PDF)

S28 Fig. Sensitivity analysis 3 (excluding aducanumab). Forest plot for efficacy
outcomes. (a) The Clinical Dementia Rating-Sum of Boxes (CDR-SB) and (b)
Alzheimer’s Disease Assessment Scale-Cognitive Subscale (ADAS-Cog).

(PDF)

S29 Fig. Sensitivity analysis 3 (excluding aducanumab). Forest plots for
safety outcomes. (a) Death, (b) Serious Adverse Event, (c) ARIA-E, (d) ARIA-H.
ARIA-E: Amyloid-Related Imaging Abnormalities-Effusion, ARIA-H: Amyloid-Related
Imaging Abnormalities-Hemorrhage.

(PDF)

S30 Fig. Sensitivity analysis 3 (excluding aducanumab). Forest plots for
safety outcomes related to clinical symptoms. (a) Headache, (b) Fall, and (c)
Dizziness.

(PDF)

S31 Fig. Sensitivity analysis 4 (excluding solanezumab and bapineuzumab).
Forest plot for efficacy outcomes. (a) The Clinical Dementia Rating-Sum of
Boxes (CDR-SB) and (b) Alzheimer’s Disease Assessment Scale-Cognitive
Subscale (ADAS-Cog).

(PDF)

S32 Fig. Sensitivity analysis 4 (excluding solanezumab and bapineuzumab).
Forest plots for safety outcomes. (a) Death, (b) Serious Adverse Event, (c) ARIA-
E, (d) ARIA-H. ARIA-E, Amyloid-Related Imaging Abnormalities-Effusion; ARIA-H,
Amyloid-Related Imaging Abnormalities-Hemorrhage.



(PDF)
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S33 Fig. Sensitivity analysis 4 (excluding solanezumab and bapineuzumab).
Forest plots for safety outcomes related to clinical symptoms. (a) Headache,
(b) Fall, and (c) Dizziness.

(PDF)

S34 Fig. Sensitivity analysis 5 (excluding solanezumab, bapineuzumab, and
aducanumab). Forest plot for efficacy outcomes. (a) The Clinical Dementia
Rating-Sum of Boxes (CDR-SB) and (b) Alzheimer's Disease Assessment Scale-
Cognitive Subscale (ADAS-Cog).

(PDF)

S35 Fig. Sensitivity analysis 5 (excluding solanezumab, bapineuzumab, and
aducanumab). Forest plots for safety outcomes. (a) Death, (b)Serious Adverse
Event, (c) ARIA-E, (d) ARIA-H. ARIA-E, Amyloid-Related Imaging Abnormalities-
Effusion, ARIA-H, Amyloid-Related Imaging Abnormalities-Hemorrhage.

(PDF)

S36 Fig. Sensitivity analysis 5 (excluding solanezumab, bapineuzumab, and
aducanumab). Forest plots for safety outcomes related to clinical symptoms. (a)
Headache, (b) Fall, and (c) Dizziness.

(PDF)

S37 Fig. Sensitivity analysis 6 (Low-dose populations). Forest plots for efficacy
outcomes. (a) The Clinical Dementia Rating-Sum of Boxes (CDR-SB) and (b)
Alzheimer’s Disease Asses-ment Scale-Cognitive Subscale (ADAS-Cog).

(PDF)

S38 Fig. Sensitivity analysis 6 (Low-dose populations). Forest plots for safety outcomes.
(a) Death, (b) Serious Adverse Event, (c) ARIA-E, (d) ARIA-H. ARIA-E,
Amyloid-Related Imaging Abnormalities-Effusion; ARIA-H, Amyloid-Related
Imaging Abnormalities-Hemorrhage.

(PDF)

S39 Fig. Sensitivity analysis 6 (Low-dose populations). Forest plots for
safety outcomes related to symptoms. (a) Headache, (b) Fall, and (c)
Dizziness.

(PDF)

S40 Fig. Sensitivity analysis 6 and 7 (Low and high dose populations). Forest
plot for cere-bral macrohemorrhage.
(PDF)

S41 Fig. Sensitivity analysis 7 (High-dose populations). Forest plots for efficacy
outcomes. (a) The Clinical Dementia Rating-Sum of Boxes (CDR-SB) and (b)
Alzheimer’s Disease Asses-ment Scale-Cognitive Subscale (ADAS-Cog).

(PDF)

S42 Fig. Sensitivity analysis 7 (High-dose populations). Forest plots for safety outcomes.
(a) Death, (b) Serious Adverse Event, (c) ARIA-E, (d) ARIA-H. ARIA-E,
Amyloid-Related Imaging Abnormalities-Effusion, ARIA-H, Amyloid-Related
Imaging Abnormalities-Hemorrhage.

(PDF)

S43 Fig. Sensitivity analysis 7 (High-dose populations). Forest plots for safety
outcomes related to symptoms. (a) Headache, (b) Fall, and (c) Dizziness.
(PDF)



S44 Fig. Funnel plots for efficacy endpoints in sensitivity analysis 8 (including
halted trials with sample size with fewer than 200 patients in each arm). (a) The
Clinical Dementia
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Rating-Sum of Boxes (CDR-SB) and (b) Alzheimer’s Disease Assessment Scale-
Cognitive Subscale (ADAS-Cog). Filled circles represent estimated treatment effect
(risk ratio) and its precision (standard error) for each individual study. In addition to
individual study results, the fixed effect estimate (vertical dashed line) with 95%
confidence interval limits (diagonal dashed lines) and the random effects estimate
(vertical dotted line) are shown in the figures. Also, p-values of Egger’s test are
shown. *P-value < 0.05.

(PDF)

S45 Fig. Funnel plots for safety endpoints in sensitivity analysis 8 (including
halted trials with a sample size of fewer than 200 patients in each arm). (a)
Death, (b) Serious adverse event, (c¢) ARIA-E, (d) ARIA-H. Filled circles represent
estimated treatment effect (risk ratio) and its precision (standard error) for each
individual study. In addition to individual study results, the fixed effect estimate
(vertical dashed line) with 95% confidence interval limits (diagonal dashed lines) and
the random effects estimate (vertical dotted line) are shown in the figures. Also, p-
values of Egger’s test are shown. *P-value < 0.05. ARIA-E, Amyloid-Related Imaging
Abnormalities-Effusion, ARIA-H, Amyloid-Related Imaging Abnormalities-
Hemorrhage.

(PDF)

S46 Fig. Funnel plots for safety endpoints in sensitivity analysis 8 (including
halted trials with a sample size of fewer than 200 patients in each arm). (a)
Headache, (b) Fall, (c) Dizziness. Filled circles represent estimated treatment effect
(risk ratio) and its precision (standard error) for each individual study. In addition to
individual study results, the fixed effect estimate (vertical dashed line) with 95%
confidence interval limits (diagonal dashed lines) and the random effects estimate
(vertical dotted line) are shown in the figures. Also, p-values of Egger’s test are
shown. *P-value < 0.05. ARIA-E, Amyloid-Related Imaging Abnormalities-Effusion
(PDF)

S47 Fig. Sensitivity analysis 8 (including halted trials with a sample size of
fewer than 200 patients in each arm). Forest plots for the change in Clinical
Dementia Rating-Sum of Boxes (CDR-SB).

(PDF)

S48 Fig. Sensitivity analysis 8 (including halted trials with a sample size of
fewer than 200 patients in each arm). Forest plots for the change in Alzheimer’'s
Disease Assessment Scale-Cognitive Subscale (ADAS-Cog).

(PDF)

S49 Fig. Sensitivity analysis 8 (including halted trials with a sample size of
fewer than 200 patients in each arm). Forest plots for safety outcomes. (a)
Death, (b) Serious adverse event.

(PDF)

S50 Fig. Sensitivity analysis 8 (including halted trials with a sample size of
fewer than 200 patients in each arm). Forest plots for safety outcomes related
to imaging abnormal-ities. (a)ARIA-E, (b) ARIA-H. ARIA-E, Amyloid-Related
Imaging Abnormalities-Effusion; ARIA-H, Amyloid-Related Imaging Abnormalities-
Hemorrhage.

(PDF)

S51 Fig. Sensitivity analysis 8 (including halted trials with a sample size of
fewer than 200 patients in each arm). Forest plots for safety outcomes related
to symptoms. (a) Headache, (b) Fall, (c) Dizziness.

(PDF)
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