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Accelerating Alzheimer’s therapeutic development: the past and 
future of clinical trials

Adam L. Boxer, MD, PhD*,
Memory and Aging Center, Department of Neurology, Weill Institute of Neuroscience, University 
of California, San Francisco, CA

Reisa Sperling, MD
Center for Alzheimer Research and Treatment, Department of Neurology, MassGeneral Brigham, 
Harvard Medical School, Boston, MA

Abstract

Alzheimer’s disease (AD) research has entered a new era with the recent positive phase 3 

clinical trials of the anti-Aβ antibodies lecanemab and donanemab. Why did it take 30 years 

to achieve these successes? Developing potent therapies for reducing fibrillar amyloid was 

key, as was selection of patients at relatively early stages of disease. Biomarkers of the target 

pathologies, including amyloid and tau PET, and insights from past trials were also critical 

to the recent successes. Moving forward, the challenge will be to develop more efficacious 

therapies with greater efficiency. Novel trial designs, including combination therapies, umbrella 

and basket protocols, will accelerate clinical development. Better diversity and inclusivity of trial 

participants are needed, and blood-based biomarkers may help to improve access for medically 

underserved groups. Incentivizing innovation in both academia and industry through public-private 

partnerships, collaborative mechanisms and creating new career paths will be critical to build 

momentum in these exciting times.
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Introduction

After decades of disappointing attempts, the field of Alzheimer’s Disease (AD) research 

achieved an important milestone in 2022, the positive result of a Phase 3 clinical trial of a 

potentially disease modifying treatment for AD. The anti-Aβ monoclonal antibody (mAb) 

lecanemab demonstrated significant beneficial effects on multiple clinical and biomarker 

endpoints.1 In a large, randomized, placebo-controlled clinical trial involving 1,795 patients 

with prodromal to mild AD, lecanemab was able to slow the rate of decline of a global 

measure of clinical status by 27% as compared to placebo (−0.45 [95%CI: −0.67 to −0.23] 

Clinical Dementia Rating Scale sum of boxes [CDR-SB]) after 18 months of treatment. 

Similar benefits were observed on all other clinical outcome measures and were supported 

by substantial reductions or attenuations of multiple AD pathobiology biomarkers including 

plasma measures of phosphorylated tau (P-tau181) and glial fibrillary acid protein (GFAP), 

as well as reductions in Aβ plaques and attenuation of insoluble tau deposition in the brain 

measured by PET. In 2023, a positive Phase 3 trial of another amyloid plaque-clearing mAb, 

donanemab, was also reported, with a similar 29% (combined population: −0.7 [95%CI, 

−0.95 to −0.45] CDR-SB) reduction in disease progression, supporting the validity of the 

lecanemab results. 2 In the primary analysis focused on individuals with low/intermediate 

levels of insoluble tau by PET, a larger effect of donanemab was observed (40%; low/

medium tau: −0.67 [95%CI, −0.95 to −0.40]). Lecanemab received an accelerated FDA 

approval in January 2023 based on the substantial reduction in amyloid plaques, followed 

by a full approval based on slowing of clinical progression in June 2023, but whether 

the modest degree of slowing in clinical progression is sufficiently clinically meaningful 

(producing a noticeable benefit to patients and caregivers) 3 to outweigh the risks of side 

effects and costs of treatment is still a topic of active debate among clinicians, public health 

officials and insurance companies. Nonetheless, the two Phase 3 results were important 

because these interventional human experiments proved that the amyloid hypothesis of AD 

must be at least partially correct and demonstrated that creating disease modifying drugs 

for AD and related disorders is feasible. This proof of concept provides a much-needed 

shot of encouragement to drug development researchers in academia and at pharmaceutical 

companies, some of whom have abandoned CNS work due to previous failed or negative 

AD clinical trials. The consistency of the lecanemab and donanemab results also help put to 

rest some of the criticisms about anti-Aβ therapies that arose after the highly controversial 

accelerated approval of the related anti-Aβ mAb, aducanumab, which showed inconsistent 

findings across two interrupted Phase 3 trials in 2021. 4

While drugs such as acetylcholinesterase inhibitors and memantine that transiently stabilize 

the cognitive and functional consequences of AD have been approved and widely used 

for decades, they don’t reduce the accumulation of underlying AD neuropathology and 

would not have much of impact on the predicted steep increase in the number of AD 

patients in the US (and elsewhere) due to the aging of the Baby Boomer population. 
5 Approximately three decades ago, soon after the formulation of the amyloid cascade 

hypothesis 6 and construction of the first human transgenic mouse models of AD that 

overexpressed the human amyloid precursor protein (APP), 7 Schenk and co-workers 

demonstrated that immunization of the mice with a full length human Aβ1–42 peptide could 
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substantially reduce the accumulation of insoluble deposits of human Aβ in the mouse brain. 
8 This seminal experiment spurred the development of the first human immunotherapeutic 

approaches to AD including the active vaccine AN1792 that was abandoned shortly after 

the initiation of human clinical trials due to the emergence of a severe adverse event (side 

effect), meningoencephalitis, that led to death in handful of patients, 9. Nevertheless, this 

motivated the development of a series of anti-amyloid mAbs, designed to be safer and able 

to deliver higher levels of antibody titers than the vaccine, culminating in the more recent 

amyloid plaque-clearing mAbs, aducanumab, gantenerumab, donanemab and lecanemab, 

that have been the first to produce large amyloid PET changes and positive clinical findings 

in early AD.

Why did it take almost 30 years to achieve this milestone? While developing the right drugs 

was clearly important, much of the recent success is also attributable to advances in AD 

biomarkers and clinical trial methods that occurred in parallel with or often as a result of 

learning from failed trials that didn’t adequately test the therapeutic hypothesis (for example, 

in the case of tarenflurbil that did not achieve sufficient CNS drug concentrations), 10 or 

negative trials that demonstrated CNS target engagement and pharmacodynamic effects, but 

still did not lead to a clinical benefit. Therefore, past AD trials cannot be written off purely 

as failures, and when analyzed in comparison to the more recent plaque targeting mAb trials, 

the reasons for their lack of success are now relatively well-understood. 11

Even if lecanemab and donanemab become widely used, the public health burden of AD 

and related dementias is rapidly growing, and it is unclear how quickly these and related 

anti-Aβ therapies can reduce that burden. How do we achieve the remaining ~70% slowing 

of disease progression to completely arrest the disease? Will it take another 30 years to 

find other treatments that have substantially larger clinical benefits and fewer side effects? 

The average Phase 3 AD clinical trial costs approximately $370M (adjusted for inflation), 

involves hundreds to thousands of participants and lasts 3–4 years or longer. 12 13 What 

therapeutic approaches should be prioritized? Can we conduct more efficient clinical trials 

that are less expensive, faster to complete and less burdensome to participants? In this 

perspective, we highlight some of the barriers and new technologies that have played a 

role in the development of anti-Aβ therapies from academic clinical trialists’ perspectives 

and suggest strategies to accelerate development of more effective treatments. One of this 

perspective’s goals is to highlight advances in biomarkers and clinical trial insights that 

enabled the recent amyloid immunotherapy milestones (Figure 1). We refer the reader to 

recent reviews for information on other unsuccessful anti-Aβ therapeutic approaches such 

as gamma and beta secretase inhibitors, clinical trials of which have produced important 

biological and therapeutic insights based on unexpected treatment-related worsening of 

cognition in some individuals. 14

Key insights from previous AD clinical trials

Safety versus therapeutic efficacy tradeoffs.—AN1792, the first attempt at active 

immunization in AD, was abandoned due to concerns regarding meningoencephalitis that 

likely emerged due to reformulation of the vaccine with a denaturing preservative that 

exposed epitopes and generated cytotoxic t-cell responses in some individuals (Figure 
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2A) 15. Still, post hoc analyses of clinical measures in patients who mounted high titer 

vaccine responses showed that there were clearly observable trends toward clinical benefits 

along with paradoxically increased brain atrophy measured on longitudinal volumetric MRI 

scans. 16,17 This potential clinical benefit of AN1792 suggested that amyloid removal could 

be a viable treatment approach, but that safer therapies were needed. One subsequent 

approach was to design mAbs that bound to Aβ peptide epitopes that would not produce 

a cell-mediated response, but could still clear amyloid, with bapineuzumab, a humanized 

IgG1 backbone mAb that neutralized a variety of soluble Aβ species being the first to reach 

late-stage trials (Figure 3). 18,19 In the Phase 1 single ascending dose study, the drug was 

safe and well tolerated, but three out of ten participants who received the highest dose 

developed vasogenic edema (mild brain swelling visible on MRI that looked similar to other 

diseases with leaky blood vessels), with two having no symptoms, but one having mild, 

transient confusion. 19 This adverse event (AE) was later termed Amyloid Related Imaging 

Abnormalities-Edema (ARIA-E) to differentiate it from rare hemorrhagic events observed 

on blood sensitive MRI sequences termed ARIA-H 20.

ARIA was recognized as an AE of special interest and was closely monitored in subsequent 

studies of anti-Aβ therapies as a potential dose-limiting toxicity. In early clinical trials such 

as the bapineuzumab Phase 2 and 3 studies, individuals who developed even mild ARIA 

were not allowed to receive further treatment. 18 Further trials demonstrated that ARIA risk 

increased both with the number of APOEe4 alleles present in each individual as well as the 

dose of drug administered, and that it was associated with greater amyloid reduction on PET. 
21 ARIA’s similar neuroradiological appearance and the presence of auto immune anti-Aβ 
mAbs in some cases of inflammatory cerebral amyloid angiopathy further suggested that 

ARIA may be mediated by an inflammatory response 22. From these findings, a number 

of strategies were adopted (often at the request of regulators such as the EMA and FDA) 

to lower the risk of ARIA in subsequent clinical trials including: 1) limiting the dose of 

mAb administered, with lower maximal doses in APOEe4 carriers; 2) developing new mAbs 

that were genetically engineered to reduce the risk of ARIA by reducing immune effector 

function, for example by engineering IgG4 backbones that do not activate microglia; 23 and 

3) limiting participation in subsequent trials of participants who already had evidence of 

significant vascular amyloid (cerebral amyloid angiopathy) detectable as previous micro- or 

macro-hemorrhages on iron-sensitive MRI sequences. The first two strategies were generally 

successful at reducing ARIA incidence, however despite the ability to use much higher 

doses of the newer IgG4 antibodies, such as crenezumab23 and solanezumab, 24 these trials 

produced little evidence of amyloid reduction or clinical efficacy. This lack of efficacy was 

likely multifactorial, related to both targeting the wrong Aβ species as well as the lack of an 

effector domain to help engage the immune system in Aβ clearance.

ARIA-related dosing challenges.—More problematic for recent clinical trials was the 

requirement to use lower doses of anti-Aβ mAbs in APOEe4 carriers, for example after the 

emergence of higher rates of ARIA in the Phase 2 lecanemab trial in a small number of 

participants who initially received a dose of 10 mg/kg biweekly, to mitigate further ARIA 

risk. 25 Although this strategy successfully reduced ARIA rates, there was also less clinical 

effect at the lower dose. Fortunately, in the Phase 3 lecanemab trials, both carriers and 
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non-carriers received the higher dose of lecanemab with a treatment related Aβ reduction of 

59 centiloids (CL, a standardized PET measure of amyloid levels).1 Similarly, in the Phase 3 

aducanumab trials, the initial protocols required lower doses of aducanumab in APOEe4 

carriers. After the trials were underway, a greater understanding of the relatively rare 

clinical sequelae of most ARIA-E led to protocols to continue treatment with mild ARIA. 

Subsequently, the protocols were revised further to allow higher dose treatment in APOEe4 

carriers. 26 The aducanumab Phase 3 trials were stopped early after interim analyses 

suggested that the drug was not effective. These futility analyses evaluated pooled results 

across the two Phase 3 trials, but in one of the trials (EMERGE) APOEe4 carrier individuals 

only received limited higher doses of drug. When these additional data were included in the 

analyses at the time of study close-out, the other Phase 3 study (ENGAGE) demonstrated 

substantial slowing of disease progression and was thought to be a positive trial. 26 These 

analyses and the subsequent FDA accelerated approval were highly controversial because 

the approval was based on a surrogate endpoint, amyloid PET-measured plaque reduction, 

that many experts felt did not meet the requirement that a surrogate endpoint be “sufficiently 

predictive of clinical benefit” (many people have high levels of amyloid PET-measured 

plaques, but no clinical symptoms of AD). 27 There were also a variety of other deviations 

from normal FDA practices that were subsequently described in a detailed report after a 

Congressional investigation of aducanumab’s accelerated approval. 28 Some experts felt that 

the analyses departed from standard clinical trial practice (and regulatory policies) that key 

analyses must be pre-specified at the beginning of a trial (usually as the primary endpoint), 

and not done post hoc after the data have been collected. Finally, many felt that Biogen’s 

subsequent decision to initially set the price of aducanumab at $56,000/year was unjustified 

since clinical benefits of treatment were not convincingly demonstrated. 4

More work is still needed to fully understand the pathogenesis of ARIA-E and in particular, 

to develop accurate predictors of risk for the relatively rare symptomatic cases. It remains 

unknown whether ARIA is primarily an inflammatory response, related to movement of 

Aβ from plaque to perivascular space, or direct removal of amyloid from leptomeningeal 

and cortical arterioles resulting in transient “leaky vessels”, or some combination of 

pathophysiological processes. 22 It is clear that the peak blood concentration (C-max) of 

antibody dose and APOE genotype influence risk of ARIA-E, but there are differential 

rates of ARIA among plaque clearing antibodies. The finding that lecanemab, based on 

the APP Artic mutation that is associated with less CAA, 29 has somewhat lower rates of 

ARIA-E with similar levels of amyloid reduction on PET than what has been reported with 

donanemab and aducanumab may be informative.

Importance of amyloid PET for selecting patients and measuring biological 
effects.—Another key insight from the Phase 2 bapineuzumab trial, which was the first 

to use amyloid PET in a substantial number of participants, was that approximately 30% 

of the APOEe4 non-carriers did not have substantial amyloid plaques in their brains, and 

therefore likely didn’t have AD. 30 Some may have had an AD-related dementia, such 

as frontotemporal dementia (FTD), or even non-neurodegenerative causes of impairment. 

Subsequent AD clinical trials have used either amyloid PET or CSF measures of Aβ 
and tau as key inclusion criteria (diagnostic biomarkers) to ensure that AD is the cause 
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of patients’ clinical syndrome or more recently, in prevention clinical trials, such as the 

Anti-Aβ Treatment in Asymptomatic Alzheimer’s study (A4)31 and AHEAD 32, to identify 

asymptomatic elderly participants who are at risk for developing AD due to the presence of 

substantial amounts of amyloid plaques in their brains.

Substantial plaque reduction required for efficacy.—Amyloid PET has also been 

highly informative as a treatment response (pharmacodynamic) biomarker to identify 

clinically relevant effects of anti-Aβ therapies. The phase 1b multiple ascending dose trial 

of aducanumab demonstrated substantial slowing of clinical disease progression in patients 

treated with higher doses of drug, and this closely corresponded to the amount of amyloid 

plaque removed as measured by longitudinal amyloid PET scans over the course of a year 
33. Only individuals with substantial reductions in brain amyloid experienced slowing of 

clinical progression. Because there is greater power to measure changes on Aβ PET than 

clinical measures (due to a much better signal/noise ratio with imaging versus clinical 

assessments), this key demonstration enabled others to use amyloid PET changes as a 

key proof of concept biomarker for the development of other anti-Aβ mAbs. Similarly, 

donanemab, which demonstrated clinical efficacy in a Phase 2b clinical trial 34 and the 

recent Phase 3 trial, 2 showed dramatic reductions in amyloid PET signal in early-stage 

trials, providing confidence that it should be tested for clinical benefits 35.

Recent retrospective analyses of amyloid PET data comparing the results of the four anti-Aβ 
mAb trials with the newer “plaque-busting” mAbs that demonstrated substantial treatment-

related amyloid PET signal reductions, including aducanumab, donanemab, gantenerumab 

and lecanemab, appear to have clarified a key relationship between brain amyloid reduction 

and clinical efficacy (Figure 2B). 11 Significant clinical efficacy was strongly related to 

the amount of amyloid (measured in centiloids) removed by the brain. The clinical trials, 

including the donanemab phase 2 and 3, the positive EMERGE Phase 3 aducanumab and 

the Phase 3 lecanemab trials, that reduced amyloid PET signal from high levels seen in 

symptomatic AD, often 70–120 CL, to normal or low levels seen very early in preclinical 

AD, below 24 CL (on average a >71% reduction over 18 months of treatment), demonstrated 

clinical efficacy. The negative phase 3 aducanumab ENGAGE and Phase 3 gantenerumab 

trials reduced brain amyloid, as measured by PET, but not sufficiently to lower levels 

below the 24 CL threshold in most patients. Applying a similar amyloid PET signal 

reduction metric to previous negative phase 3 clinical trials, such as with crenezumab and 

solanezumab, shows that these two drugs produced marginal 18-month amyloid reductions 

in Phase 3 trials, providing additional support for the hypothesis that substantial reduction 

of amyloid plaque levels is likely necessary for clinical efficacy. 11,36 The supposition that 

amyloid removal would be reasonably likely to predict clinical benefit was the basis for the 

FDA’s controversial accelerated approval of aducanumab and less controversial accelerated 

approval of lecanemab for early AD, and fortunately the recent Phase 3 trials of lecanemab 

and donanemab clearly demonstrated this relationship.

Who and when to treat? Selecting the right population at the right stage 
of disease.—While differences in amyloid binding, immune activation and other 

characteristics of the various anti-Aβ mAbs are clearly important for determining clinical 
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efficacy, particularly for the more recently developed “plaque-busting” mAbs that all have 

the potential to produce substantial amyloid reduction, recent clinical trial results suggest 

that differences in clinical trial design and conduct also impact whether a drug is ultimately 

found to be clinically efficacious. Many of these differences relate to timing of brain Aβ 
removal during the clinical trial. If patients are too advanced at the initiation of Aβ removal, 

or if their underlying disease progressed to a more advanced state during the course of 

treatment because amyloid was not removed quickly enough, treatments are less effective.

The current NIA-Alzheimer’s Association (“AT(N)”) diagnostic criteria for AD require 

evidence of both brain amyloid (A) as well as tau (T) deposition with evidence 

of neurodegeneration (N) frequently present, but not necessary 37. The ATN criteria 

operationalize the amyloid cascade hypothesis that insoluble amyloid plaque accumulation 

leads to insoluble tau neurofibrillary tangle accumulation that causes neurodegeneration 

leading to clinical symptoms and death (A→T→N). More recent data suggest that amyloid 

and tau, at least in the medial temporal lobe, may accumulate simultaneously, reaching 

a threshold that enables rapid neocortical tau spreading, a so called “ca-tau-strophe” 38. 

Data from both clinical neuropathologic comparisons, such as the Braak staging system, 39 

as well as more recent studies using tau PET ligands 40, show that both the amount and 

anatomical location of insoluble tau in the brain is strongly correlated with an individual’s 

type and severity of clinical symptoms during life 41. In the typical, amnestic clinical 

AD phenotype experienced by many older individuals, when tau is confined to the medial 

temporal lobe, people experience predominantly memory problems, but when it accumulates 

in neocortical regions, other symptoms of AD emerge, such as language, navigation or 

executive functioning (planning, multitasking, etc.) problems 42. When the disease has 

progressed too far, past the ca-tau-strophe phase, the recent Phase 3 donanemab and 

lecanemab trial results suggest that anti-Aβ therapies in isolation may be less clinically 

efficacious 2.

Data from previous trials of both successful and unsuccessful anti-Aβ therapies suggested 

that there was little clinical effect of amyloid removal if patients progressed past the mild 

dementia phase. 31,43 From there, the idea originated that early removal of Aβ, before the 

onset of symptoms, might produce a larger benefit than waiting for symptom development. 

This led to prevention trials in both sporadic, late onset AD — including A431 and 

AHEAD44 — where asymptomatic individuals with PET evidence of brain amyloid were 

randomized to receive an anti-Aβ therapy or in rare, early-onset, autosomal dominant AD 

mutation carriers (e.g., PSEN1 or APP), anti-Aβ therapy just prior to predicted age of onset 

based on the mean familial age of onset (API45 and DIAN-TU46). Of the trials that have 

reported results to date, including API, DIAN-TU and A4, none have produced substantial 

clinical benefit, although each used anti-Aβ mAbs that were not efficacious in phase 3 trials 

in symptomatic late onset AD (crenezumab, solanezumab/ganterenumab or solanuzemab 

respectively). Prevention studies have been challenging because measurable changes using 

clinical endpoints are often subtle prior to the onset of clinical impairment. For sporadic AD 

prevention trials (A4 and AHEAD), measuring a clinical effect often requires large sample 

sizes and >4 years of follow up because there is heterogeneity in the rates of cognitive 

decline during the preclinical stage. In the ADAD trials (API and DIAN-TU), the rarity of 

the population limits the numbers of participants available to enroll in the trial.
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Comparisons of results from the lecanemab and gantenerumab Phase 3 trials also suggest 

that the lecanemab population was on average slightly earlier in the disease course due to 

the enrollment criteria requiring less severe short-term memory impairments for lecanemab. 
47 The higher incidence of ARIA with gantenerumab, which required gradual titration of the 

drug to mitigate risk compounded this limitation. The unintended result was that participants 

randomized to drug in the gantenerumab trials did not receive the potentially efficacious 

dose until months later than they did in the lecanemab and donanemab trials. Thus, the 

lecanemab and donanemab trial participants received higher relative doses of drug at earlier 

stages of disease, which may have explained the better clinical response to a similar degree 

of Aβ removal.

Goldilocks tau and the timing of therapeutic interventions.—If the amount of 

insoluble tau in the brain is a measure of disease status, it could potentially be used to 

identify people at an early enough stage of disease (early ca-tau-strophe phase) to respond 

to anti-Aβ therapy, but late enough to have confidence that they will progress clinically 

over the course of an 18-month trial, giving greater power to detect treatment effects. 

In the phase 2 and 3 donanemab trials, the key biomarker inclusion criterion was the 

pattern of tau PET (flortaucipir [FTP]) uptake, requiring participants to have a “Goldilocks” 

amount of tau in the brain: enough medial temporal lobe uptake to give confidence that 

they had AD and would progress clinically during the trial, but not too much to be past 

the stage of responsiveness to amyloid removal. 2,34 The phase 3 trial that prespecified 

low/intermediate and high baseline tau groups showed substantially larger clinical effects in 

the low/intermediate as compared to high tau groups thereby supporting this hypothesis.

Insoluble tau reflects more than just disease stage.—Whether insoluble tau 

deposition is a measure of latent disease age 48 or other individual differences in disease 

biology remains an open question. In the donanemab Phase 3 trial, the clinical disease 

severity of the low/intermediate tau and combined high-low/intermediate tau burden groups 

were nearly identical 2, and previous studies have identified modest correlations between 

regional tau PET uptake and clinical disease severity or neuropsychological impairment in 

the range of rho=0.4–0.6. 49 There are also other important drivers of tau pathology that 

are not fully understood. Women are known to have higher AD risk than men, which may 

be at least partially explained by genetic differences in tau metabolism. 50,51 Individuals 

with sporadic early-onset AD (EOAD) — where disease onset occurs before age 65 — are 

also known to have more severe tau pathology and faster rates of accumulation particularly 

in cortical regions. 52 With this in mind, it is notable that individuals who were less than 

65 years old in the lecanemab Phase 3 trial did not experience a significant benefit of Aβ 
removal possibly because this younger group (also enriched in APOEƐ4 homozygotes) had 

already had too much tau accumulation 1.

Tau PET as a response biomarker.—Although tau PET has been used less extensively 

in clinical trials, in both the Phase 2 donanemab 34 and Phase 3 lecanemab trials 1 that 

showed clinically meaningful treatment effects, there were significant attenuations of tau 

PET signal accumulation, suggesting that PET may reflect clinically meaningful treatment 

effects. However, donanemab had no effect on tau PET uptake in the Phase 3 trial. 2 There 
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are at least three potential explanations for the lack of a reported effect. First, it is possible 

that there were medial temporal lobe (MTL) tau reductions from donanemb that could not 

be measured because the tau PET tracer used, FTP, has limited ability to measure MTL 

tau, whereas the tracer used for the lecanemab trial, MK6240, can measure MTL changes. 

Second, tau PET signal differences in cortical regions measurable using FTP might have 

taken longer than 18 months to accumulate and would have become more prominent as the 

populations were followed for longer durations in the open label extension. Finally, less 

likely but more troubling for the current model of AD pathophysiology, it remains possible 

that insoluble tau accumulation is a marker of but not critical for neurodegeneration in AD, 

and therefore clinical benefits of amyloid plaque removal can occur even in the absence of 

an effect on neurofibrillary tangle accumulation. If the results of an ongoing phase 2 trial of 

a tau antisense oligonucleotide for early AD (NCT05399888) demonstrate no clinical effects 

despite reduced tau PET signal, there may be added support for this last hypothesis.

Insights from new AD blood tests.—New sensitive blood tests that detect 

phosphorylated fragments of tau (P-tau) at the typical epitope measured for CSF diagnosis 

of AD (P-tau181), as well as other epitopes including P-tau217, have recently been shown 

to be useful tools in clinical trials.53,54 Initially, these tests were developed as an attempt 

to reduce the reliance on expensive and logistically difficult to collect tau (and amyloid) 

PET scans for clinical trials of anti-Aβ therapies. In addition to being substantially less 

expensive than PET, they also spare participants from radiation exposure, and can be used 

with medically underserved populations including remote locations that may not have ready 

access to PET scanners. The blood tests have performed better than expected in many 

contexts, particularly in the differential diagnosis of AD vs. other forms of dementia, 

but also in pre-screening individuals for disease modifying clinical trials such as the 

AHEAD prevention trial with lecanemab.32 Remarkably, plasma P-tau181 and −217 are 

also exquisitely sensitive to treatment effects of anti-Aβ therapies, such as aducanumab, 

donanemab and lecanemab, with large reductions in plasma concentrations reaching steady 

state approximately 6–12 months after the initiation of treatment. 1,2,55 However, similar 

to anti-Aβ therapy induced reductions in amyloid plaque load measured by PET, these 

reductions have occurred even in clinical trials where clinical efficacy was not demonstrated, 

such as the aducanumab ENGAGE Phase 3 study 26 and gantenerumab Phase 3 studies. This 

suggests that plasma P-tau may be sensitive to even small (not clinically meaningful) effects 

of amyloid reduction. Plasma P-tau likely reflects (and is strongly correlated with) CSF 

N-terminal P-tau fragment concentrations, which rise earlier in the course of AD 56 prior 

to the ca-tau-strophe. After the ca-tau-strophe, concentrations of CSF microtubule binding 

region (MTBR) tau fragments are strongly correlated with tau PET uptake and clinical 

status. 57

The relative ease of addition of plasma biomarkers to AD therapeutic trials has also 

revealed potential mechanistic insights into the link between amyloid and tau pathology. 

Strong treatment-related reductions in plasma GFAP levels that parallel reductions in 

plasma P-tau concentrations have been observed with donanemab and lecanemab treatment 
1,55 and could potentially support a mediating role of astrocytes in the generation of 

toxic tau species, or alternatively, astrocytic changes could be a response to amyloid or 
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tau pathologic changes. In contrast, the nonspecific biomarker, neurofilament light chain 

(NfL), has shown variable responses to different anti-Aβ therapies. Likely reflecting the 

aggressiveness of neurodegeneration, plasma NfL is less prominently elevated in AD 

than other neurodegenerative diseases, 58 which may explain the lower sensitivity of this 

biomarker to treatment effects as opposed to with SOD1-related ALS, where reductions in 

plasma NfL were found to be compelling evidence of disease modification by the antisense 

oligonucleotide, tofersen and supported an accelerated FDA approval of the drug 59.

Non-amyloid therapeutic targets

There are many ongoing clinical development programs with novel, promising disease-

modifying approaches, and with the lecanemab and donanemab results, there is a renewed 

sense of optimism that one or more of these programs may be successful. 60 With the 

new empirical evidence supporting the amyloid hypothesis, maximizing the efficacy of 

anti-Aβ treatments using new, more efficacious mAbs and prevention approaches are 

already underway. Alternate approaches that focus on upstream causes and downstream 

consequences of amyloid pathology, most importantly tau protein accumulation, are also 

increasingly being pursued. Given the high costs and long duration of current AD 

development programs, there are active discussions about which treatment approaches 

to prioritize next and how to more efficiently determine which will produce clinically 

meaningful benefits.

Targeting tau protein: the tau hypothesis.—Given the central role of tau in the ATN 

research framework for AD, 37 it is arguably the most promising next target on which to 

focus clinical trial efforts. Tau is theoretically a better AD therapeutic target than amyloid 

because, although many years of normal cognition are possible in the setting of high brain 

amyloid plaque burden, the emergence of insoluble tau pathology coincides with the onset 

of clinical symptoms of AD and strongly predicts patterns of clinical decline 61. The 

emergence of insoluble tau deposition measured by tau PET strongly correlates with the 

onset of clinical symptoms in autosomal dominant AD (ADAD), 62 and temporal lobe tau 

PET uptake also predicts cortical spread of tau pathology, 38 brain atrophy, and subsequent 

clinical decline in sporadic AD. 63 Autosomal dominant mutations in MAPT gene lead to 

severe, early onset forms of frontotemporal lobar degeneration (FTLD), and the severity and 

types of symptoms from AD and other tauopathies, such as progressive supranuclear palsy 

(PSP) and chronic traumatic encephalopathy, closely reflect the distribution of insoluble tau 

in the brain, suggesting that interventions that reduce tau have the potential to produce large 

clinical effects 61. A corollary of the amyloid hypothesis, the tau hypothesis, states that tau 

protein abnormalities are necessary for initiating clinical symptoms of AD and other non-

AD tauopathies. Whether additional factors are also necessary to initiate neurodegeneration, 

such as amyloid accumulation in AD or other undetermined factors in MAPT mutation 

carriers, is a topic of active investigation.

Consistent with the tau hypothesis, nonclinical tau models that express mutant human 

tau have identified multiple therapies that reduce tau or levels of toxic tau species 61,64. 

Clinical trials of early tau therapies, such as anti-aggregation and microtubule stabilizing 

agents, as well as the ‘first generation’ N-terminal anti-tau monoclonal antibodies, including 
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tilavonemab, gosuranemab, 65 zagotenemab and semorinemab,66 failed to demonstrate 

clinical benefits in AD and or other tauopathies 67,68. Although all four mAbs had 

evidence of target engagement of N-terminal tau fragments in CSF, none had any reported 

pharmacodynamic effects on tau PET. In prodromal-mild AD, semorinemab modestly 

reduced CSF P-tau181 levels by ~15% (average of all doses), which is less than the ~25% 

reductions reported for patients who responded to high-dose aducanumab and less than the 

substantial reductions seen with lecanemab, possibly explaining the lack of clinical effect of 

semorinemab in this population. 26,69

First generation tau mAbs may be ineffective because they target presumably non-

pathogenic, N-terminal tau fragments. Second generation anti-tau mAbs and an active 

vaccine 70 that target MTBR and C-terminal regions have entered clinical trials 71. In 

addition, multiple small molecule approaches that alter post-translational modification of tau 

(e.g., kinase or o-GlcNACase inhibitors) are also in clinical trials, with other approaches 

such as agents that reduce aggregation or target tau clearance in late pre-clinical or Phase 

1 development 61. Recently, a tau targeted antisense oligonucleotide (ASO), MAPTRx, 

was able to reduce CSF tau concentrations by over 50% after 24 weeks with sustained 

reductions in CSF tau after up to 16 months at the highest doses in a long-term extension 

study, suggesting that substantial long term tau reductions may be safe and well tolerated 
72. In a small number of participants who had longitudinal tau PET scans, substantial, 

dose-related reductions in insoluble tau measured by PET (recall that anti-Aβ therapies have 

only attenuated tau accumulation) were observed after 100 weeks of therapy. 73

Demonstration of clinically meaningful benefits of tau reduction in AD would be another 

significant milestone for the field and potentially of great benefit for patients. However, if 

no clinical benefits are observed with tau reduction, it will be important to understand the 

reasons why. One interpretation might be that the tau hypothesis is incorrect. For example, 

the distribution of insoluble tau pathology could be a correlate or predictor, but not a cause 

of neurodegeneration. However, given what has been learned from early anti-Aβ therapy 

trials, where failures prematurely signaled the demise of the amyloid hypothesis, 14 there 

could be other explanations, such as intervening too late or too early during disease, picking 

the wrong population (too much or too little tau at baseline), not reducing insoluble tau 

levels sufficiently, or even because the presence of amyloid might block the effects of tau 

reduction. The planned NIH funded Alzheimer’s Tau Platform (ATP) trial will test some 

of these hypotheses by combining anti-Aβ with multiple tau therapies in a very early AD 

population (Figure 4).

Non-amyloid, non-tau co-pathologies as therapeutic targets.—The majority of 

clinically probable AD cases do not have pure ATN pathology, with various forms 

of vascular disease (macro and microinfarcts, arteriosclerosis and cerebral amyloid 

angiopathy), TDP-43 (Limbic-Predominant Age-Related TDP-43 Encephalopathy [LATE] 
74 and α-synuclein (Lewy Bodies) commonly present 75. It is likely that such co-pathologies 

contribute to disease severity or progression rate and may explain why some participants 

in the lecanemab and donanemab Phase 3 trials experienced less disease slowing despite 

substantial plaque reduction. The presence of TDP-43 may have independent effects on 

clinical symptoms (and progression rate) that add to Aβ- and tau-associated effects to 

Boxer and Sperling Page 11

Cell. Author manuscript; available in PMC 2024 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



produce the overall clinical picture 76. Recent work with a new CSF α-synuclein RT-

QUIC biomarker in the cognitively unimpaired 77 and individuals with mild dementia 78 

demonstrates that the presence of α-synuclein aggregates influences both the symptoms 

(e.g., more hallucinations and motor symptoms) and rate of disease progression. This means 

that even if Aβ (and possibly tau) are reduced, other proteinopaties such as TDP-43 or Lewy 

Bodies could continue to drive some patients’ clinical decline.

Potential roles of proteostasis.—Individuals with high levels of insoluble tau 

pathology at baseline who don’t respond as well to Aβ removal may also have greater 

levels of non-AD co-pathology due to cellular effects of tau leading to impaired proteostasis 

that in turns promotes the accumulation of non-AD co-pathologies. 79 In support of this 

hypothesis, recent GWAS studies in PSP implicate both ubiquitin ligases (TRIM11/17) 

and LRRK2 80 in mediating disease phenotype and survival, and female AD patients may 

have higher levels of tau due to X chromosome inactivation of a ubiquitin ligase gene 

important for clearing tau 51. TRIM11 is downregulated in AD brains and reduces tau 

in animal models 81. Finally, approaches that target more ubiquitous protein degradation 

or clearance mechanisms, perhaps through reversal of neuroimmunosenence, may serve to 

impact multiple proteinopathies simultaneously 79,82–84.

Rare, genetic causes and protective factors for dementia may help to inform 
AD therapeutics.—Although TDP-43 co-pathology is common in AD, studying other 

diseases might be a more effective means for developing TDP-43 specific biomarkers 

and therapeutic targets. ALS and frontotemporal dementia (FTD) are associated with 

relatively pure TDP-43 pathology and are often caused by autosomal dominant mutations 

in chromosome 9 open reading frame 72 (C9orf72), progranulin (GRN), the TDP-43 

gene itself, TARBP. Studies in these disorders are rapidly producing new biomarkers 

and therapeutic targets that might also be useful in AD with TDP-43 co-pathology. 

RNA processing and transport abnormalities, 85 as well as lysosomal dysfunction, are 

strongly implicated in TDP-43 proteinopathies 86. As lysosomal dysfunction is one potential 

mechanism that could explain the AD ca-tau-strophe, it may be of interest to investigate 

lysosomally-targeted therapies such as the PIKFYVE kinase inhibitor, apilimod, which 

recently demonstrated biological proof of concept in C9orf72 ALS, 87 and also mitigates tau 

toxicity in an organotypic iPSC MAPT V337M mutation model 88.

In addition to therapies targeting known protein co-pathologies in AD, a variety of other 

disease modifying approaches targeting AD-related immune and lysosomal dysfunction 

have been identified through the study of human mutation carriers, some of which are 

now in clinical trials. One target is the lysosomal/anti-inflammatory protein, progranulin, 

which in addition to being an important cause of autosomal dominant FTD, allowed the 

identification of a FTD-protective allele in TMEM106B 89 that has since been implicated 

in LATE as well. 90 More recently, study of the large Colombian PSEN1-E280A mutation 

cohort identified two protective mutations in individuals who carried the mutation but had 

attenuated symptoms. Both the APOE-Christchurch mutation 91 and the Reelin-COLBOS 

mutation 92 were shown to partially block the effects of PSEN1-induced tau accumulation 
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and cognitive decline possibly through biological effects on the same ApoE-related signaling 

pathway 93.

New clinical trial design approaches

Currently, most AD clinical trials compare new or repurposed drugs with inactive placebo, 

but if lecanemab, donanemab and similar agents become widely used as standard of care, 

it may become increasingly difficult to recruit willing trial participants and eventually 

be considered unethical to compare novel treatments with placebo alone in symptomatic 

patients. Combination therapy approaches are common in epilepsy and have been critical for 

development of effective cancer and cardiovascular treatment strategies. True combination 

therapy trials may not be necessary in some individuals who respond well to amyloid 

removal, as has been suggested by the recent donanemab phase 3 study, where treatment was 

stopped in 52% of participants when their amyloid PET scans showed plaque clearance. If 

such individuals remain stable for sufficient time, it may be that a second therapy could be 

tested after the initial amyloid reduction. Even if such an approach is feasible, it might be 

limited to a subset of individuals previously treated with an anti-Aβ therapy, and by analogy 

to the negative gantenerumab phase 3 trial results where efficacy may have been limited due 

to delays in reaching a therapeutic dose, the potential delays introduced by first removing 

amyloid in combination trials could limit the efficacy of add-on therapies if such therapies 

are also more effective at earlier stages of disease. In addition, management of ARIA and 

other potential adverse events that arise from combinations of amyloid and non-amyloid 

treatment approaches, as well as the expense associated with paying for background anti-Aβ 
therapy for all trial participants, introduce added complexity and cost to the clinical trial 

procedures.

In a standard, AD phase 3, placebo controlled clinical trial where individuals are randomized 

1:1 to receive a treatment or matched placebo, the main hypothesis to be tested is usually 

whether or not the treatment is clinically efficacious. This is done by comparing the 

difference in longitudinal change in the primary endpoint (usually a clinical measure) over 

the duration of each individual’s participation. A 2022 analysis found that such trials require 

an average of 4.4 years (recruitment plus treatment), 674 participants (both arms combined) 

and ~$368M (2023 dollars) to complete. 13 Planning and fundraising add additional time 

and cost to the process. To successively test 3 new therapies (or one new therapy, alone 

and in combination with two different anti-Aβ drugs) would therefore take 3 × 4.4 = 13.2 

years, 2,022 participants, and $1.1B. In the worst (or best) case scenarios, if 50% of the 31 

drugs in Phase 2 trials in 202260 were to move on to Phase 3 where a substantial subset of 

the agents would need to be tested alone and in combination with an anti-Aβ therapy, this 

would necessitate decades, involve thousands of participants and cost billions of dollars to 

adequately evaluate these drugs!

Master clinical trial protocols to increase efficiency: baskets and umbrellas

With large numbers of novel drugs to test, oncology has faced similar clinical drug 

development challenges as those that now loom for AD and has developed master protocols 

to increase efficiency. 94 Master protocols define the overall clinical parameters and 

participant flow through a trial and are most commonly focused on testing different 
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treatments for the same clinical population (“umbrella trials”) or the same treatment 

in multiple populations (“basket” trials). Establishing the master trial creates multiple 

efficiencies: it builds trial infrastructure, improves regulatory agreement negotiation and 

standardizes data to allow more direct comparisons between therapeutic outcomes.

For umbrella trials, testing multiple or combination therapies simultaneously saves time, 

reduces costs and decreases the number of participants necessary to test a therapeutic 

hypothesis, since placebo group data can often be pooled across multiple therapeutic 

regimens. Therefore, as compared to the example of 3 successive Phase 3 clinical trials 

in the section above, a single umbrella trial protocol could theoretically be completed in 

approximately half the amount of time (5–6 years to allow for more enrollment time), with 

two thirds the number of participants (448 participants per evaluated therapy [336 drug : 112 

placebo] for a total of 1,344 participants to test three drugs) with a cost savings of at least 

$400M (not accounting for shared infrastructure savings, which could further reduce costs). 

Because there is a much higher chance of receiving active drug — 75% in a three-arm 

umbrella design as compared to 50% in a standard parallel design trial — such designs 

are also preferred by research participants. One such umbrella platform trial in ADAD 

is DIAN-TU that previously simultaneously evaluated solanezumab and ganterenumab 46 

and has now moved on to test a combination of lecanemab and the MTBR targeted tau 

mAb, E2814. Platform trials can also incorporate adaptive components whereby specific 

trial parameters may be altered during the course of the study if planned in advance. For 

example, if one of the therapies is found to be ineffective, that arm can be selectively 

stopped and participants assigned to the remaining arms, or alternatively, new drugs can 

be added. Additionally, such a “rolling platform” can move on to test new drugs without 

stopping the trial or seamlessly include multiple stages of development 95. The Healey ALS 

Platform trial began with four treatments, some of which were abandoned, and has moved 

on to test three new drugs 96.

Basket trials.—Basket trials have been successful in oncology for example by identifying 

multiple different types of cancer with the same mutated oncoprotein (e.g., HER2) that 

is targeted by a particular drug and testing all patients, regardless of cancer type, in 

the same trial 97. Genetic testing or use of biomarkers or biopsies that allow selection 

of patients based on a common molecular target have enabled such trials. This is more 

difficult to do in neurodegenerative disease due to the lack of sufficient biomarkers for 

most molecular pathologies other than Aβ and tau. However, because both AD and certain 

non-AD neurodegenerative syndromes are strongly linked to underlying tau pathology, it 

has been possible to combine populations such as AD, PSP, and corticobasal syndrome 

(CBS) in a single clinical trial of a tau-targeted intervention. In one such study, although 

the intervention was not found to be effective, the safety and tolerability were vastly 

different in the primary and secondary (AD) tauopathy populations, potentially indicating 

key biological differences in the underlying etiologies of the different tauopathies 67. Such 

designs may be particularly important for tau-targeted therapies because current cell culture 

(e.g., iPSC) and transgenic tau models generally incorporate autosomal dominant MAPT 
mutations that produce predominantly 4 microtubule binding domain (4R) tau and cause 

human frontotemporal dementia, such as P301L, and yet drugs developed in these models 
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are often intended for use in AD, a tauopathy with mixed 3R/4R tau that is not caused by 

MAPT mutations. Tau aggregate structures also differ in different tauopathies 98, and it may 

be difficult to know whether a tau drug, such as a mAb that targets a particular epitope, fails 

to demonstrate effects in AD due to targeting the wrong tau species or an inherent lack of 

efficacy. Basket trial approaches often focus on early phases of development (Phase 1b/2a) 

where the primary endpoint may be a pharmacodynamic signal on a biomarker in addition to 

safety.

Incentivizing innovation in clinical AD therapeutic development

Industry incentives.—Most late-stage AD clinical trials of new molecular entities or 

repurposed drugs are funded by industry because the costs of developing such interventions 

generally exceed those available to the NIH and other government agencies or private 

foundations. PET scans, if used as treatment response biomarkers requiring multiple 

repeated scans in each individual, can further increase the costs of trials past the financial 

means of all but the largest pharmaceutical companies (the recent aducanumab, lecanemab, 

donanemab and gantenerumab Phase 3 studies were all sponsored by large pharmaceutical 

companies). Many industry researchers are highly motivated to develop effective treatments 

for altruistic reasons. Still, companies are responsible for generating value for their investors 

and reducing the risk of investment loss. The ultimate financial upside of drug development 

for a pharmaceutical company is an approved drug that goes to market and continues to 

generate revenue for the duration of its patent life. This creates incentive, particularly with 

late-stage clinical trials, to collect sufficiently compelling efficacy data to reach approval as 

quickly and inexpensively as possible.

In the US, all clinical trials involving drugs or devices are monitored by the US Food 

and Drug Administration which ultimately decides whether a drug is sufficiently safe and 

effective to be marketed for a particular indication. A drug that meets criteria for efficacy 

and safety can be approved for marketing. This generally requires demonstrating a clinically 

meaningful effect (a phrase which can be hard to define, but generally involves an outcome 

that is noticeable or appreciable by a patient and/or family as impactful in her/his/their 

lives)3 and sufficient safety data (both an acceptable side effect profile and enough patients 

treated for a long enough period of time). Regardless of a clinical trial’s outcome, the 

data and human biospecimens from the trial are valuable commodities that can be used in 

multiple ways including refining the treatment approach or developing new treatments. In 

the case of industry-sponsored clinical trials, the clinical trial data are most often proprietary 

to the company and give it a competitive advantage over other researchers. This can create 

disincentive to share data. There may also be fewer incentives to publish expeditiously if 

an approval is unlikely, and conversely, there are incentives to limit the data and analyses 

to protect a company’s intellectual property and competitive advantage. These factors may 

limit the ability of other researchers to learn from negative trials.

Academic incentives.—Many physician-scientists dream of discovering a potentially 

effective treatment approach in their laboratory, translating it to a human therapy and 

leading the pivotal clinical trial(s) that will establish clinical efficacy. However, since 

the number of publications and their impact can be key criteria for career advancement, 
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there are disincentives to focus research efforts on clinical trials since they can be slow 

to produce results and given that negative clinical trials can be harder to publish in high 

impact journals. Trial manuscripts often include many authors, creating potential challenges 

to receiving credit for intellectually valuable contributions. As late-stage clinical trial 

manuscripts are often led by industry investigators who strictly adhere to the International 

Committee of Medical Journal Editors (ICMJE) authorship criteria, academic investigators 

responsible for clinical trial conduct (including patient management, which may be 

intellectually challenging and time consuming) as local site principal investigators are often 

not considered to have provided sufficient intellectual contribution to warrant authorship. As 

a result, they are not credited and are less able to rely on their clinical trial activities for 

promotion. There are many important studies to be done with generic or repurposed drugs or 

non-pharmacologic treatment approaches. However, working with novel, potentially disease 

modifying drugs can be a challenge because many are owned by industry, thereby requiring 

collaborations. Because of historical concerns regarding financial conflict of interest and 

corporate profit motives, working with industry can be reputationally risky creating further 

disincentive for some academic researchers to work on clinical trials.

Value of public-private partnerships for incentivizing trial innovation.—Industry 

often does not prioritize innovative trial designs such as prevention, basket and umbrella 

trials, because they are viewed as financially or strategically risky since they require 

relying on a master protocol generated by others that could contain potentially unfavorable 

elements, such as requiring direct comparisons to competitors’ drugs. In the case of basket 

trials involving rare populations, even if one treatment group arm identifies a responsive 

population leading to approval, the number of patients who would pay for the drug may 

be too small to produce sufficient return on investment. Similarly, the long duration and 

relatively large sample sizes required for prevention trials are generally viewed as financially 

risky. Most of the large, innovative clinical trial programs mentioned above have been 

successful by raising funds from the NIH and/or private foundations in the case of the 

prevention trials, including A4 31 AHEAD, 32 the Amyloid Prevention Initiative (API) trial, 
45 and DIAN-TU, 99 or philanthropic foundations in the case of the Healey ALS Platform. 

The public and philanthropic funds can decrease financial risk and incentivize industry to 

provide compounds for testing often with additional funding necessary to complete the 

trial. The funds lower the costs for companies to test drugs in these settings, provide 

unique populations to investigate treatment effects (in the case of API and DIAN-TU), 

and provide valuable scientific expertise from academic investigators. By providing seed 

funding, public-private partnerships reduce the perceived risk to companies of investing 

in innovative trial design programs and can bring together multiple competing companies 

with different compounds to promote collaboration under the setting of umbrella trials. For 

small companies with limited resources or academic investigators wishing to develop their 

own therapies, public or philanthropic funds can facilitate clinical trials without requiring 

substantial fundraising or successfully competing for grants. Public-private partnerships can 

ensure that clinical trial data and biospecimens are widely shared with other researchers 

and trial results are published expeditiously, thereby benefiting the scientific community at 

large. For example, the A4 study has shared screening data with over 1,500 researchers 31, 

and AHEAD will share longitudinal trial data within 1 year of completion 32. Public-private 
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partnerships also provide more opportunities for patient and public involvement in trial 

design and conduct, as well as novel strategies to increase the ethnoracial diversity of trial 

participants. The cost (lecanemab will cost $26.5K per patient per year in the US) and 

complexity of new AD therapies creates barriers to their use in medically underserved 

populations and low-and-middle-income countries. Partnerships with public health and other 

international organizations will likely be helpful in lowering these barriers.

Training and career paths for academic clinical trial researchers.—Another 

mechanism for increasing the speed of clinical development is to conduct earlier, biomarker-

focused “proof of concept” trials to identify compounds that may potentially have large 

clinical effects that might be predicted by robust pharmacodynamic effects or early signs 

of clinical benefit. Facilitating the conduct of such trials by academic researchers is 

important but faces two important barriers. First, few academic researchers have clinical 

trial experience or formal training in clinical trial methods. This is beginning to change with 

new programs such as the NIA-Alzheimer’s Association sponsored Institute on Methods 

and Protocols for Advancement of Clinical Trials in ADRD (IMPACT-AD). 100 There are 

also concerns regarding adequate numbers of clinical trial expert researchers in industry; 

training more such individuals would facilitate industry-sponsored clinical trials as well. 

Finally, academic promotion committees need to give more consideration for participation 

as a productive site investigator in clinical trials. For laboratory-based or observational 

clinical researchers, academic productivity may be assessed during the promotion process 

by the number of first or last-authored manuscripts. Since opportunities to generate such 

manuscripts are more limited for clinical trialists, other means to assess productivity should 

be developed to incentivize academics to focus their careers on clinical trials. For example, 

productivity could be based on the number of participants enrolled in various clinical trials, 

even if the trials are organized by other investigators, including industry-sponsored trials.

Conclusion

The recent positive Phase 3 clinical trials with the anti-Aβ mAbs lecanemab and donanemab 

are important milestones for AD research because they demonstrate that rational approaches 

to drug development for complex, sporadic neurodegenerative diseases are possible and 

potentially critical to success. The two and a half decades of human clinical trials that 

took place between when the first anti-Aβ immunotherapies were shown to reduce amyloid 

pathology in mice and the recent, successful Phase 3 trials generated much insight. The 

emergence of worrisome side effects, including meningoencephalitis from the original active 

amyloid vaccine, and more importantly, ARIA from mAb therapies, introduced long delays 

that took years to understand how to manage. The recent successes also relied on the 

development of new biomarkers, including amyloid and tau PET, and have been further 

accelerated by the development of plasma biomarkers of different tau species, Aβ and other 

neurodegenerative proteins. While there is cause for celebration, there are also concerns 

that the clinical benefits associated with anti-Aβ therapy are modest, particularly given their 

high costs, and may be limited to certain highly selected populations. Potential paths to 

development of more efficacious AD therapies include combination therapy trials testing 

anti-Aβ plus other therapies that could have additive or synergistic effects including tau, 
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ApoE, reelin and proteostasis enhancing approaches. Since most clinically diagnosed AD 

is associated with both AD and non-AD co-pathologies, combination therapy targeting 

α-synuclein, vascular disease and TDP-43 will likely also be necessary for many patients. 

Initiating Aβ and other pathology reduction earlier in prevention trials might also lead to 

larger clinical benefits. These exciting new treatment approaches will require new, more 

efficient clinical trial designs, such as umbrella and basket trials, that will in turn require 

increasing support from the NIH and philanthropic funders for public-private partnerships 

that can bring together the necessary partners from academia and industry to ensure their 

success. The next era of AD therapeutic development has begun and seems likely to produce 

clinically meaningful advances at a much faster rate than in the past.
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Figure 1. Insights from past clinical trials and new approaches.
(Top panel) Insights from past biomarker development and clinical trials. (Middle panel) 
New trial designs and priorities to accelerate clinical development. (Bottom panel) Bar 

represents percent estimates based on autopsy cohorts of clinical AD cases with pure AD 

(ATN pathology without co-pathology), AD with co-pathology (e.g., ATN plus vascular, 

α-synuclein and/or TDP-43) 75 and relative percentage of Early Onset AD (EOAD; first 

symptoms before age 65).
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Figure 2. History of Aβ immunotherapy.
(A) Timeline from discovery of amyloid precursor protein (APP) mutations as a cause of 

early onset AD, nonclinical proof of concept in PDAPP mouse model, showing selected 

clinical trial programs and biomarker discoveries (green boxes) discussed in the text 

through the present day lecanemab and donanemab programs. Timeline is not meant 

to be comprehensive and does not include many important biomarker and clinical trial 

programs. PiB = Pittsburgh Compound B [first widely used amyloid PET ligand]; P-tau181 

and 217 = phosphorylated tau at residues 181 or 217; ASO= antisense oligonucleotide; 

IPMS = immunoprecipitation mass spectrometry. Clinical trial dates from clinical 

trials.gov: NCT00112073, NCT00574132, NCT02760602, NCT00905372, NCT01900665, 

NCT01677572, NCT01760005, NCT01998841, NCT02008357, NCT02484547, 

NCT02477800, NCT03114657, NCT02670083, NCT03367, NCT03186989, 

NCT03887455, NCT04437511, NCT04468659, NCT05310071. (B) Amyloid plaque 

reduction is correlated with clinical benefit. Treatment versus placebo difference in change 
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in CDR-SB correlated with amyloid PET centiloid difference in change over time with 

various anti-Aβ mAbs including lecanemab (Lec), aducanumab (Adu), donanemab (Dona) 

and solanezumab (Sola). Note that solanezumab Phase 3 estimates are from previous Phase 

3 studies in sporadic AD, as well as the A4 Study and subset of DIAN-TU study that was 

conducted in a preclinical (asymptomatic) AD population. Crenezumab (Cren) estimates 

includes the API Study in preclinical AD population. Adapted with recent updates from 

similar depictions in. 11,36

Boxer and Sperling Page 27

Cell. Author manuscript; available in PMC 2024 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Stages of clinical development for typical AD new molecular entity drugs.
Nonclinical refers to in vitro, cell culture and animal model studies prior to moving forward 

with first in human clinical trials through an Investigational New Drug (IND) or equivalent 

process.
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Figure 4. Amyloid and tau biomarker changes in relation to symptom onset with predicted 
effects of amyloid and tau targeted therapies in current and planned trials.
(A) Hypothetical pattern of soluble and insoluble amyloid and tau biomarker changes in 

relationship to symptom onset based on work from the Dominantly Inherited Alzheimer’s 

Network (DIAN; Barthelemy et al, 2019) modified from a slide presented at AD/PD2022 by 

Dr. Randall Bateman. (B) Representation of biomarker and cognitive changes after treatment 

with lecanemab or donanemab in recent Phase 3 studies. (C) Predicted biomarker changes 

if current A3–45 (AHEAD) study is positive. (D) Predicted biomarker changes if planned 
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Alzheimer’s Tau Platform (ATP) study is positive. (E) Predicted biomarker changes if a 

hypothetical “A2” even earlier intervention study to prevent “amyloid positivity” succeeds.
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