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Abstract

Introduction: Alzheimer’s disease (AD) represents a global health crisis. Treatments
are needed to prevent, delay the onset, slow the progression, improve cognition, and
reduce behavioral disturbances of AD. We review the current clinical trials and drugs
in development for the treatment of AD.

Methods: We searched the governmental website clinicaltrials.gov where are all clin-
ical trials conducted in the United States must be registered. We used artificial intel-
ligence (Al) and machine learning (ML) approaches to ensure comprehensive detec-
tion and characterization of trials and drugs in development. We use the Common
Alzheimer’s Disease Research Ontology (CADRO) to classify drug targets and mech-
anisms of action of drugs in the pipeline.

Results: As of January 25, 2022 (index date for this study) there were 143 agents in
172 clinical trials for AD. The pipeline included 31 agents in 47 trials in Phase 3, 82
agents in 94 trials in Phase 2, and 30 agents in 31 trials in Phase 1. Disease-modifying
therapies represent 83.2% of the total number of agents in trials; symptomatic cogni-
tive enhancing treatments represent 9.8% of agents in trials; and drugs for the treat-
ment of neuropsychiatric symptoms comprise 6.9%. There is a diverse array of drug
targets represented by agents in trials including nearly all CADRO categories. Thirty-
seven percent of the candidate agents in the pipeline are repurposed drugs approved
for other indications. A total of 50,575 participants are needed to fulfill recruitment
requirements for all currently active clinical trials.

Discussion: The AD drug development pipeline has agents representing a substan-
tial array of treatment mechanisms and targets. Advances in drug design, outcome
measures, use of biomarkers, and trial conduct promise to accelerate the delivery of

new and better treatments for patients with AD.
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1 | INTRODUCTION

Alzheimer’s disease (AD) is increasing as the size of the aged population
grows.! In the United States there are currently 6.2 million individuals
with AD dementia and the number will reach 12.7 million by 2050. In
addition to those with AD in the dementia stages, there are ~10 million
individuals in the United States with mild cognitive impairment (MClI),
half of whom (5 million) have MCI due to AD. The total number of per-
sons in the United States with symptomatic forms of AD—MCI due to
AD and AD dementia—is 11.2 million.* The estimated 2021 cost of car-
ing for those with Alzheimer’s disease and related dementias (ADRD)
was $355 billion. The world-wide prevalence of AD dementia will triple
from its current 50 to 150 million by 2050 with most of those affected
living in low- and middle-income countries.?

The need for therapy to prevent, delay the onset, slow the progres-
sion, and improve the symptoms of AD is compelled by the rising num-
ber of those with AD and the growing public health crisis posed by the
disease. Advances in therapy are being achieved; aducanumab, the first
disease-modifying therapy (DMT) to be approved for AD, became avail-
able on the market for those with MCl due to AD and mild AD demen-
tia in 2021. Aducanumab is an anti-amyloid monoclonal antibody, and
two more monoclonal antibodies (donanemab and lecanemab) are
under review by the US Food and Drug Administration (FDA).3~> Addi-
tional new treatments for AD may become available in the foreseeable
future.

We review the drugs in current clinical trials for AD. We present
data from analyses of the clinicaltrials.gov registry, noting agents in
Phase 1, 2, and 3; we describe their mechanism of action (MoA) and
major trial characteristics. Our goal is to provide an update on agents
being developed for AD and to present information on progress in the
field of AD therapeutic development. The report follows the strategy
developed in previous annual reviews of the AD pipeline.®~11 The cur-
rent report used more advanced analytic tools than previously applied
including artificial intelligence (Al) and machine learning (ML) to auto-

mate our interrogation of clinicaltrials.gov.

drug development.

* There are 143 drugs in the current Alzheimer’s disease (AD) drug development

* Disease-modifying therapies represent 83.2% of the candidate treatments.

* Current trials require 50,575 participants who will donate 3,878,843 participant-
weeks to clinical trials.

* The biopharmaceutical industry sponsors 50% of all clinical trials including 68% of

* Sixty-three percent of Phase 3 trials and 46% of Phase 2 trials include non-North
American clinical trial site locations indicating the global ecosystem required for AD

2 | METHODS

We used the US National Library of Medicine of the National Insti-
tutes of Health (NIH) clinical research registry, clinicaltrials.gov, as the
source of information for this review. Beginning in 2007 the “Common
Rule” governing clinicaltrials.gov required registration for studies that
meet the definition of an “applicable clinical trial” (ACT). ACTs include
controlled clinical investigations of any FDA-regulated drugs, biologi-
cal therapies, or devices for any disease or condition.'2 Review of stud-
ies of clinicaltrials.gov indicate that compliance with the common rule
is high and most ACTs are registered appropriately.131* The United
States has more clinical trials than any other country, and clinicaltri-
als.gov includes most but not all therapies currently in clinical trials for
AD globally.’% A recent review showed that this registry includes far
more trials than any other of the 18 registries reviewed.!> Based on
this information, the current review can be regarded as a comprehen-
sive but not exhaustive analysis of clinical trials of therapies for AD.
The index date for this review is January 25, 2022, and the tables
and text apply to the information available on that date. We include
all trials of agents in Phases 1, 2, and 3. We collect information on
the trial agent; trial title; trial number assigned on clinicaltrials.gov;
start date; projected end date; actual end date, if completed or ter-
minated; primary completion date; calculated trial duration; dura-
tion of treatment exposure; calculated recruitment period; number
of subjects planned for enrollment; number of arms of the study
(usually a placebo arm and one or more treatment arms with dif-
ferent doses); whether a biomarker was described as an entry cri-
terion or an outcome; whether the agent was repurposed; subject
characteristics (e.g., allowable Mini-Mental State Examination [MMSE]
range); and sponsorship (a biopharmaceutical company, NIH with aca-
demic medical centers, public-private partnership, or “other”). We
included trials labeled as recruiting, active but not recruiting (e.g.,
trials that have completed recruitment and are continuing with the
exposure portion of the trial), enrolling by invitation (e.g., open-label

extensions of trials), and not yet recruiting. We do not comment on
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RESEARCH IN CONTEXT

1. Systematic Review: We searched clinicaltrials.gov to
identify all drugs currently being tested in Alzheimer’s
disease (AD) clinical trials. There are 143 agents being
assessed in 172 trials. Most of the drugs being assessed
are disease-modifying agents addressing a wide variety
of biological processes involved in AD. We used artificial
intelligence (Al) and machine learning (ML) to enhance
our registry search techniques.

2. Interpretation: AD drug development is progressing
despite temporary slowing of clinical trial activity during
the COVID pandemic. The first disease-modifying ther-
apy for AD (aducanumab) has been approved by the US
Food and Drug Administration (FDA) and other disease-
modifying therapies are advancing in clinical trials. There
is progress in clinical trial outcome measures, biomark-
ers indicative of drug efficacy and safety, and clinical trial
designs that provide the foundation for development of
new and better therapies for patients with AD.

3. Future Directions: Improved understanding of the biol-
ogy of AD and better approaches to drug discovery
are providing improved candidates for clinical trials.
Biomarkers are now used to confirm the presence of
AD-type pathology in clinical trial participants. Biomark-
ers are playing a greater role as outcomes of disease-
modifying therapy trials and amyloid plaque lowering
on a biomarker (amyloid positron emission tomography)
was the basis for accelerated approval of aducanumab.
Improvements in drug candidates and trial methodologies
increase confidence in the future development of new

therapies for AD.

trials listed as terminated, suspended, unknown, or withdrawn unless
the specific reasons for their status were publicly revealed. We do
not include trials of non-pharmacologic therapeutic approaches such
as cognitive-behavior therapies, caregiver interventions, supplements,
medical foods, or devices. We do not include trials of biomarkers; we
note whether biomarkers were used in the trials for inclusion or as out-
come measures. We include stem cell therapies among the interven-
tions reviewed (they are not integrated into Figure 1).

We use the National Institute on Aging and the Alzheimer’s Asso-
ciation, International Alzheimer’s and Related Dementias Research
Portfolio (IADRP) approach to the MoA of agents in the pipeline
(iadrp.nia.nih.gov). The IADRP catalogue of AD research is the Com-
mon Alzheimer’s Disease Research Ontology (CADRO). The Transla-
tional Research and Clinical Interventions category of CADRO lists
potential targets for AD and ADRD therapeutics from early therapeu-
tic discovery through late-stage preclinical development and all stages

of clinical testing. These targets were used to classify the MoA of the

Clinical Interventions

agents in the pipeline. The targets include amyloid; tau; apolipoprotein
E (APOE)/lipids, and lipoprotein receptors; neurotransmitter recep-
tors; neurogenesis; inflammation; oxidative stress; cell death; pro-
teostasis/proteinopathies; metabolism and bioenergetics; vasculature;
growth factors and hormones; synaptic plasticity/neuroprotection;
gut-brain axis; circadian rhythm; epigenetic regulators; multi-target;
unknown target, and other. Some agents may have more than one MoA
and, for these we reviewed the available literature to identify the puta-
tive predominant mechanism. “Symptomatic” was used for treatments
whose purpose was cognitive enhancement or control of neuropsychi-
atric symptoms without claiming to impact the underlying biological
causes of AD. “Disease-modifying” was used for treatments intended to
change the biology of AD and produce neuroprotection (often through
a variety of intermediate mechanisms such as effects on amyloid or
tau).1 We used the features of the trials (e.g., clinical outcomes, trial
duration, use of biomarkers, and number of participants) to deter-
mine whether a trial was attempting to demonstrate disease modi-
fication or symptomatic benefit. We recognize that these definitions
are arbitrary, and many therapies may have symptomatic and disease-
modifying effects. We divided DMTs into biologics (e.g., monoclonal
antibodies, vaccines, antisense oligonucleotides [ASOs], and gene ther-
apy) and small molecules (drugs typically taken orally and < 500 Dal-
tons in molecular weight). We note if the trials are prevention stud-
ies of asymptomatic individuals or treatment trials of participants with
MCI due to AD or AD dementia. Prevention trials include participants
with normal cognition and biological evidence of AD pathology; trials
of participants with prodromal AD comprise individuals manifesting
MCI who have biomarker evidence indicative of AD pathology; and tri-
als of AD dementia include participants with mild, moderate, or severe
dementia.

We used Al and ML to facilitate our analyses. Al strategies were
used to assist reading text and ML techniques were used to extract
information automatically. We used supervised natural language pro-
cessing classification approaches to categorize text describing a drug’s
MoA into two categories: small molecules and DMTs. We used
term frequency-inverse document frequency (TF-IDF) to generate the
words’ matrix representation of the text and trained several ML mod-
elsincluding XGBoost, random forest, logistic regression, decision tree,
and support vector machine. The decision tree model achieved the
highest accuracy (95%) in classifying the drugs’ MoA texts.l” Human
supervision verified the results and solved any unresolved identifica-
tions. In addition to ML models, we used multiple pattern extraction
methods to extract information regarding biomarkers and other trials
features from the trial’s text description.

To generate the tables and data used in the pipeline, we designed
a sentinel system to collect the needed data automatically from clin-
icaltrials.gov and store it in a relational database system. In this sys-
tem, charts and graphs can be generated to provide insight into the
data and illustrate trends. The sentinel system automatically updates
daily to capture any changes posted on clinicaltrials.gov of any rele-
vant trial as defined by our search parameters. The system generates
an e-mail notification as new data are identified and imported into the

database.
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FIGURE 1 Agentsinclinical trials for treatment of Alzheimer’s disease in 2021 (from clinicaltrials.gov as of the index date of January 5, 2021).
The inner ring shows Phase 3 agents; the middle ring comprises Phase 2 agents; the outer ring presents Phase 1 therapies; agents in green areas
are biologics; agents in purple are disease-modifying small molecules; agents in orange areas are symptomatic agents addressing cognitive
enhancement or behavioral and neuropsychiatric symptoms; the shape of the icon shows the population of the trial; the icon color shows the
Common Alzheimer’s Disease Research Ontology (CADRO)-based class of the agent (“Other” category includes CADRO classes that have three or

fewer agents in trials). Agents underlined are new to the pipeline since

3 | RESULTS

3.1 | Overview

We identified 143 agents in 172 trials of treatments for AD (as of the
index date of January 25, 2022). There were 31 agents in 47 Phase 3
trials; 82 agents in 94 Phase 2 trials; and 30 agents in 31 Phase 1 tri-
als. Figure 1 shows all pharmacologic compounds (biologics and small

molecules) currently in clinical trials for AD. The most common agents

2020. (Figure © J Cummings; M de la Flor, PhD, Illustrator)

being studied are DMTs (119 agents; 83.2% of the total number of
agents in trials); 24 (16.8%) are symptomatic agents including 14 (9.8%
of all agents in trials) targeting cognitive enhancement and 10 (6.9%
of all agents in trials) intending to treat neuropsychiatric and behav-
ioral symptoms. Of the DMTs, 40 (33.6% of DMTs) are biologics and
79 (66.4% of DMTs) are small molecules. Twenty (16.8%) DMTs have
amyloid, 13 (10.9%) have tau, 23 (19.3%) have inflammation, and 19
(16%) have synaptic plasticity/neuroprotection as their primary mech-
anistic targets. Considering DMTs only, 21 (67.8%) of Phase 3 agents
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FIGURE 2 Mechanisms of action of agents in Phase 3 (as classified using the Common Alzheimer’s Disease Research Ontology [CADRO]

approach) (Figure © J Cummings; M de la Flor, PhD, lllustrator)

are DMTs; 71 (86.6%) Phase 2 drugs are DMTs; and 27 (90%) Phase 1
agents are DMTs. There are 53 repurposed agents in the pipeline com-

prising 37.1% of the candidate therapies (all phases combined).

3.2 | Phase 3

There are 31 agents in 47 Phase 3 trials (Figures 1 and 2, Table 1).
Twenty-one (67.8%) agents in Phase 3 trials are DMTs including five
(16.1% of the Phase 3 agents) biologics and 16 (51.6%) small molecules.
There are five (16.1% of Phase 3 agents) putative cognitive enhancing
agents and five (16.1%) drugs targeting behavioral symptoms. CADRO
mechanisms represented among Phase 3 DMTs include amyloid (6
agents; 28.6% of DMTs); synaptic plasticity/neuroprotection (4; 19%);
oxidative stress (3; 14.3%); metabolism and bioenergetics (3; 14.3%);
tau (1; 4.8%); inflammation (1; 4.8%); proteostasis/proteinopathies (1;
4.8%); vasculature (1; 4.8%); and gut-brain axis (1; 4.8%). Figure 2
shows the CADRO-based MOAs of agents in Phase 3. Thirteen (42%)
of the Phase 3 agent are repurposed treatments approved for use in
another indication (8 = DMT; 2 = cognitive enhancer; 3 = treatment for
neuropsychiatric symptoms). In the past year (2021), four trials have
been completed or terminated.

Six of the trials in Phase 3 are prevention trials enrolling cognitively
normal participants known to be at risk for AD (preclinical AD); one
trial enrolling both preclinical participants and participants with MCl to
mild AD dementia (DIAN-TU trial); 17 trials enrolling early AD defined
as prodromal AD and mild AD dementia; 11 trials including participants
with mild to moderate AD dementia; and 12 trials of participants with
mild-to-severe AD dementia.

Trials in Phase 3 included a mean of 791 participants per trial (range
112 to 3300) and a total of 37,184 participants were needed for
enrollment in all currently active Phase 3 trials. DMT prevention tri-
als included a mean of 1058 participants (range 150 to 3300) and had a
mean duration of 362 weeks (range 256 to 500 weeks, including the

recruitment and the treatment period). DMT trials focusing on pro-
dromal AD or prodromal AD/mild AD dementia had a mean of 991
participants (range 116 to 2032) and a mean duration of 243 weeks
(range 83 to 500 weeks, including the recruitment and the treatment
period). Trials of DMTs enrolling mild to moderate AD dementia partic-
ipants included an average of 776 participants (range 316 to 2046) and
a mean duration of 162 weeks (range 73 to 309 weeks, including the
recruitment and the treatment period).

The mean treatment exposure period was 159 weeks (range 80 to
240 weeks) for prevention trials, 105 weeks (range 48 to 208 weeks)
for prodromal AD or prodromal AD/mild AD dementia trials, and 48
weeks (range 20 to 76 weeks) for mild to moderate AD dementia tri-
als. Calculated recruitment periods (calculated as the total projected
time until the primary completion date minus the treatment period)
for DMT trials were: prevention (183 weeks), prodromal AD and pro-
dromal AD/mild AD dementia (93 weeks), and mild to moderate AD
dementia (91 weeks).

The mean duration of cognitive enhancer trials was 167 weeks
(range 130 to 208 weeks) including 24 treatment weeks (range 12
to 30 weeks), and they intended to recruit an average of 392 partici-
pants (range 160 to 712). The mean duration of trials of treatments for
neuropsychiatric symptoms was 218 weeks (range 100 to 408 weeks)
including 18 treatment weeks (range 8 to 52 weeks), and they included

an average of 478 participants (range 112 to 1200).

3.3 | Phase 2

There are 82 agents in 94 Phase 2 trials (Figures 1 and 3, Table 2).
Seventy-one (86.6%) of the agents in Phase 2 trials are DMTs includ-
ing 26 (31.7% of the Phase 2 agents) biologics and 45 (54.8%) small
molecules. There are seven (8.5% of Phase 2 agents) putative cog-
nitive enhancing agents and four (4.9%) drugs targeting behavioral

symptoms. CADRO mechanisms represented among Phase 2 DMT
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FIGURE 3 Mechanisms of action of agents in Phase 2 (Figure © J Cummings; M de la Flor, PhD, lllustrator)

therapies include inflammation (17 agents; 24% of DMTs); synap-
tic plasticity/neuroprotection (12; 16.9%); amyloid (11; 15.5%); tau
(9; 12.7%); metabolism and bioenergetics (4; 5.6%); neurotransmitter
receptors (3; 4.2%); proteostasis/proteinopathies (3; 4.2%); vascula-
ture (3; 4.2%); neurogenesis (2; 2.8%); growth factors and hormones
(2; 2.8%); epigenetic regulators (2; 2.8%); ApoE, lipids, and lipoprotein
receptors (1; 1.4%); oxidative stress (1; 1.4%); and cell death (1; 1.4%).
Figure 3 shows the CADRO-based MoAs of agents in Phase 2. Thirty-
one (37.8%) of the Phase 2 agents are repurposed from another indica-
tion (27 = DMT; 1 = cognitive enhancer; 3 = treatment for neuropsy-
chiatric symptoms). In the past year (2021), 23 Phase 2 trials have been
completed or terminated.

There are five trials in Phase 2 involving cell therapies (Table 3).

Four (4%) of the trials in Phase 2 are prevention trials enrolling cog-
nitively normal participants known to be at risk for AD (preclinical AD);
three (3%) trials enroll both preclinical participants and participants
with MCI to mild AD dementia; 49 (52%) trials enroll early AD defined
as prodromal AD and mild AD dementia; 34 (36%) trials are with partic-
ipants with mild to moderate AD dementia; two (2%) trials include par-
ticipants with mild-to-severe AD dementia; and two (2%) trials enroll
healthy volunteers.

Trials in Phase 2 included a mean of 127 participants per trial (range
5to856) and atotal of 11,938 participants were needed for enrollment
in all currently active Phase 2 trials. DMT prevention trials included a
mean of 151 participants (range 32 to 320) and had a mean duration
of 284 weeks (range 155 to 471 weeks, including the recruitment and
the treatment period). DMT trials focusing on prodromal AD or prodro-
mal AD/mild AD dementia had a mean of 138 participants (range 5 to
856) and a mean duration of 198 weeks (range 40 to 635 weeks, includ-
ing the recruitment and the treatment period). Trials of DMTs enrolling
mild to moderate AD dementia participants included an average of
107 participants (range 8 to 350) and a mean duration of 172 weeks
(range 70 to 417 weeks, including the recruitment and the treatment
period).

The mean treatment exposure period was 97 weeks (range 3 to

260 weeks) for prevention trials, 53 weeks (range 3 to 260 weeks)

for prodromal AD or prodromal AD/mild AD dementia trials, and 31
weeks (range 8 to 108 weeks) for mild to moderate AD dementia trials.
Recruitment periods (calculated as the total projected time until the
primary completion date minus the treatment period) for DMT trials
were prevention (145 weeks), prodromal AD and prodromal AD/mild
AD dementia (117 weeks), and mild to moderate AD dementia (118
weeks).

The mean duration of Phase 2 cognitive enhancer trials was 127
weeks (range 39 to 337 weeks) including 27 treatment weeks (range
2 to 104 weeks), and they included an average of 105 participants
(range 28 to 300). The mean duration of Phase 2 trials of treatments for
neuropsychiatric symptoms was 150 weeks (range 39 to 321 weeks)
including eight treatment weeks (range 1 to 15 weeks), and they
included an average of 122 participants (range 40 to 186).

3.4 | Phase1l

There are 30 agents in 31 Phase 1 trials (Figure 1, Table 4). There
are 27 DMTs (90% of Phase 1 agents) in Phase 1 trials including nine
(30% of the Phase 1 agents) biologics and 18 (60%) small molecules.
There are two (6.7% of Phase 1 agents) putative cognitive enhanc-
ing agents and one (3.3%) drug intended to target behavioral symp-
toms. CADRO mechanisms represented among Phase 1 DMT ther-
apies include inflammation (5 agents; 18.5% of DMTs); epigenetic
regulators (4; 14.8%); amyloid (3; 11.1%); tau (3; 11.1%); proteosta-
sis/proteinopathies (3; 11.1%); synaptic plasticity/neuroprotection (3;
11.1%); neurogenesis (2; 7.4%); vasculature (2; 7.4%); cell death (1;
3.7%); and metabolism and bioenergetics (1; 3.7%). Nine (30%) of the
Phase 1 agents are repurposed treatments approved for use in another
indication (eight DMTs; one cognitive enhancer). There are two trials in
Phase 1 involving stem cell therapies.

Phase 1 trials have an average duration of 115 weeks (range 24 to
365 weeks) (recruitment and treatment period) and include a mean of
47 participants (range 5 to 120) in each trial. Phase 1 trials include both

single ascending dose and multiple ascending dose studies.
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TABLE 4 Stem cell therapy in clinical trials for Alzheimer’s disease (ClinicalTrials.gov accessed January 25, 2022)

Agent Phase Status (CT.gov ID)
Allogeneic human MSCs 1 Active, not recruiting;
(NCT04040348)

SNKO1 (autologous natural 1 Recruiting; (NCT04678453)
killer cell)

Allogenic adipose 1/2 Recruiting; (NCT04388982)
MSC-Exosomes

CB-AC-02 (placenta 1/2 Recruiting; (NCT02899091)
derived MSCs)

Human umbilical cord 1/2 Recruiting, extension study;
blood-derived MSCs (NCT03172117)
(NEUROSTEM)

Allogeneic human MSCs 2 Recruiting; (NCT02833792)

AstroStem (autologous 2 Not yet recruiting;
adipose-derived MSCs) (NCT04482413)

Sponsor

University of Miami

NKMax America

Ruijin Hospital, Cellular
Biomedicine Group

CHABiotech Co.

Medipost

Stemedica

Nature Cell Co.

Subject characteristics

Mild to moderate AD with
MMSE of 20 to 26

MCl or AD

Mild to moderate AD with
MMSE of 10 to 24

Mild to moderate AD with
KMMSE of 10 to 26

Probable AD with KMMSE
of 18to 26

Mild to moderate AD with
MMSE of 12 to 24

Mild AD with MMSE of 20
to 24

Clinical Interventions

Amyloid evidence
atentry

Amyloid PET or
CSF

Not required

Not required

Amyloid PET

Amyloid PET

Amyloid PET

CSF amyloid

Abbreviations: AD, Alzheimer’s disease; KMMSE, Korea Mini-Mental State Examination; MMSE, Mini-Mental State Examination; MSC, mesenchymal stem

cell; PET, positron emission tomography.

3.5 | Biomarkers

Table 5 shows the biomarkers used as entry criteria or as outcome
measures in current Phase 3 and Phase 2 AD clinical trials of DMTs as
described on clinicaltrials.gov; these data may be incomplete as not all
trial descriptions note if biomarkers are included in the trial.

Of the 31 Phase 3 DMT trials, six trials (19%) used amyloid positron
emission tomography (PET) as an entry criterion and six (19%) used
either amyloid PET or cerebrospinal fluid (CSF) amyloid measures. Five
(16%) of the Phase 3 DMT trials used either CSF-amyloid/tau ratio or
amyloid PET as an entry criterion, and one trial used plasma phospho-
rylated tau (p-tau) 217. Thirteen (42%) of Phase 3 DMT trials did not
use biomarkers as study entry criteria. One Phase 3 trial of a cognitive
enhancer used CSF amyloid or CSF tau for entry.

In Phase 2, 12 (14%) DMT trials used amyloid PET as an entry cri-
terion, five (6%) used CSF amyloid or amyloid ratios, and 12 (14%) used
either amyloid PET or CSF amyloid assessments. Six (7%) of the Phase 2
DMT trials used CSF-amyloid/tau ratio as an entry criterion, four (5%)
used either CSF-amyloid/tau ratio or amyloid PET, three (4%) used tau
PET, and one trial (1%) used either amyloid PET or CSF-tau. Thirty-nine
(47%) of Phase 2 trials did not require biomarker-based diagnostic con-
firmation for study entry.

Of Phase 3 DMT trials, 19 (61%) used biomarkers as supportive out-
comes. Ten (32%) used amyloid PET and seven (23%) used tau PET
in support of clinical outcomes. In Phase 2, 46 DMT trials (55%) have
biomarkers as supportive outcomes (11 amyloid PET; 10 tau PET).

3.6 | Trial participants

Including all currently active trials, the total number of partici-
pants needed is 50,575. Of these, 37,184 are required for Phase 3

TABLE 5 Biomarkers as outcome measures or as entry criteriain
Phase 2 and Phase 3 DMT trials (clinicaltrials.gov accessed January

25,2025)

Biomarker role in trial

N of trials (%)

Biomarker as an entry criterion®

Amyloid PET 6(19%)

CSF amyloid 0

Amyloid PET or CSF amyloid 6(19%)

CSF Ag/tau ratio 0

CSF Ap/tau ratio or amyloid PET 5(16%)

Tau PET

Amyloid PET or CSF tau

Plasma tau 1(3%)
Biomarker as an outcome measure?

CSF amyloid 8 (26%)

CSF tau 8(26%)

FDG-PET 2 (6%)

VMRI 9(29%)

Plasma amyloid 4(13%)

Plasma tau 6(19%)

Amyloid PET 10 (32%)

Tau PET 7 (23%)

Phase 3DMTs  Phase 2 DMTs

12 (14%)
5(6%)
12 (14%)

20 (24%)
24(29%)
7 (8%)
15 (18%)
13(16%)
9(11%)
11 (13%)
10 (12%)

Abbreviations: CSF, cerebrospinal fluid; DMT, disease-modifying therapy;
FDG, fluorodeoxyglucose; PET, positron emission tomography; vMRI, volu-
metric magnetic resonance imaging.
2Percentages refer to the percent of trials that used any biomarker as an
outcome or the percent that used biomarkers as an entry criterion.
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TABLE 6 Total person weeks contributed by participants for each type of trial (clinicaltrials.gov accessed January 25, 2022)

Average duration of

Total number of Total participant weeks

Phase Type of trial treatment (weeks) participants devoted to clinical trials
Phase 3 Prevention (preclinical AD) 159 7403 1,177,077
DMT (not prevention) 87 23,050 2,005,350
Cognitive enhancing 24 1960 47,040
Psychotropic 18 5261 94,698
Phase 2 DMT 49 10,717 525,133
Cognitive enhancing 27 735 19,845
Psychotropic 8 486 3888
Phase 1 All 4 1453 5812
Total 3,878,843 weeks

Abbreviations: AD, Alzheimer’s disease; DMT, disease-modifying therapy.

TABLE 7 Trial sponsor for each phase of AD drug development and the number of trials of repurposed agents supported by each entity

(clinicaltrials.gov accessed January 25, 2022)

N of trials (%)
Repurposed
Sponsor type Phase 3 Phase 2 Phase 1 All phases agents
Biopharma Industry 32(68%) 39 (41%) 15 (48%) 86 (50%) 13(21%)
Academic medical centers/NIH 7 (15%) 34 (36%) 8(26%) 49 (28%) 34 (56%)
Public-private partnerships (PPP) 5(11%) 18 (19%) 6(19%) 29 (17%) 7 (11%)
Others 3(6%) 3(3%) 2(6%) 8(5%) 7 (11%)

Abbreviations: AD, Alzheimer’s disease; NIH, National Institutes of Health.

trials; 11,938 for Phase 2 trials; and 1453 for Phase 1 trials. Table 6
shows the major types of trials, the average duration in weeks of
treatment exposure for each type of trial, and the number of partic-
ipants required for each type of trial. This demonstrates that across
all active trials, 3,878,843 participant-weeks will be devoted to clin-
ical trials. This total is an underestimate as it does not include time
devoted to screening prior to randomization or the time consumed
in screen fails of individuals who do not progress to randomization.
Nearly all trials (except Phase 1 trials) require a research partner
that devotes an equal number of weeks to the trials making the total
investment of time by participants and families ~7,757,686 weeks or
148,777 years.

Recruitment of participants remains a major challenge and a key
reason for the long duration of trials. Using the treatment period as
a comparison, Phase 3 prevention and prodromal/mild AD demen-
tia trials have approximately equal treatment and recruitment peri-
ods. Phase 3 mild-moderate AD dementia trials take 1.8 times longer
to recruit participants than to assess treatment effects. In Phase 2,
recruitment periods are consistently longer than exposure periods: 1.5
times longer for prevention trials, 2.2 times longer for prodromal/mild
AD dementia trials, and 3.8 times longer for mild-moderate AD

dementia.

3.7 | Trial sponsors

Across all trials, 50% are sponsored by the biopharma industry, 28%
by academic medical centers (usually with funding from NIH), 17%
are funded through public-private partnerships, and 5% are funded
by other entities. In Phase 3, 68% of trials are sponsored by the
biopharma industry, 15% by academic medical centers/NIH, 11% are
public-private partnerships, and 6% are sponsored by others. In Phase
2,41% of trials are sponsored by the biopharma industry, 36% by aca-
demic medical centers/NIH, 19% are public-private partnerships, and
3% are funded by others. Table 7 shows the sponsor of agents in each
phase of development. Repurposed agents are more likely to have aca-
demic medical center/NIH sponsors (56%) and less likely to have indus-
try sponsors (21%; Table 7).

3.8 | Global distribution of trials

Table 8 shows the global distribution of trials. We divided trials into
those performed only in North America (United States and Canada);
those conduced only outside of North America (excluding United

States and Canada); and those conducted globally including North
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TABLE 8 Global distribution of trials (clinicaltrials.gov accessed
January 25,2022)

N of trials (%)
Phase 3 Phase 2 Phase 1
North America (United States 17 (36%) 51(54%) 14 (45%)
& Canada) only
Non-North America only 11(23%) 30 (32%) 15 (48%)
North America and 19 (40%) 13 (14%) 2 (6%)

Non-North America

American and non-North American sites combined. Thirty-six percent
of Phase 3 trials involved only North America and 40% included North
American and non-North American countries (76% of trials include
North American sites with or without sites in other global regions).
Phase 2 trials are more often conducted only in North America (54%);
North America is included as a trial location in 64% of trials (trials done
in North America only plus those conducted in North American and
non-North American sites together). Some Phase 1 trials conducted
outside the United States may not be registered on clinicaltrials.gov
and may have gone undetected in this review. Across all phases, 48%
of trials are conducted only in North America; 33% are conducted only
outside of North America; and 20% are conducted with both North
American and non-North American sites participating. North America

participates in 67% of all trials registered on clinicaltrials.gov.

4 | DISCUSSION

Development of new therapies for diseases of the nervous system is
challenging with high failure rates and long development times forc-
ing some major pharmaceutical companies to stop investing in this area
of drug development.'® Of the 49 novel drugs approved by the FDA in
2021, seven were for treatment of disorders of the central nervous sys-
tem (CNS) and two were for the peripheral nervous system disorders
(Duchenne muscular dystrophy, myasthenia gravis; fda.gov).!? The
CNS disorders with new treatments were migraine, von Hippel-Lindau
disease (including CNS hemangioblastomas), schizophrenia, relapsing
multiple sclerosis, attention deficit-hyperactivity disorders (two drugs
approved), and AD. The AD drug approval is the first in the United
States since 2003.

The AD drug development pipeline comprises 143 agents in 172 tri-
als (Figure 1). There are 31 agents in Phase 3, 82 in Phase 2, and 31
in Phase 1. DMTs are the agents most included in the pipeline. One
hundred nineteen putative DMTs are being assessed (21 in Phase 3,
71in Phase 2,27 in Phase 1). DMTs represent 83.2% of the pipeline of
agents. There are 14 cognitive enhancers and 10 drugs targeting neu-
ropsychiatric symptoms in the pipeline. The 143 agents in the pipeline
compares to 126 in the pipeline in 2021;1911 this apparent increase
may be partially attributable to our improved search techniques.

Aducanumab is the first DMT approved by the US FDA for the treat-
ment of AD. It is the second DMT approved in the United States for any

Clinical Interventions

neurodegenerative disease, the other is edaravone used in the treat-
ment of amyotrophic lateral sclerosis.2? The approval of aducanumab
used an accelerated regulatory mechanism based on demonstration of
amyloid plaque lowering considered reasonably likely to predict clin-
ical benefit.2! The accelerated pathway may be used for other anti-
amyloid plaque-lowering antibodies currently under review by the FDA
(donanemab and lecanemab).3-5 The trials of gantenerumab will be
completed in 2022 and may lead to a request for marketing approval
based on conventional clinical outcomes.?223 Other biomarkers may
eventually be qualified as surrogate outcomes predictive of clinical
benefit. Surrogate outcomes facilitate drug development.2*

MCI due to AD and mild AD dementia comprise the most com-
mon population included in current clinical trials accounting for 36%
of Phase 3 trials and 52% of Phase 2 trials.2> These trials may be most
impacted by the approval of aducanumab for this same population.
Trial patients eligible for aducanumab may wish to begin active ther-
apy rather than remain in a placebo-controlled trial that will last many
months; patients appropriate for treatment with aducanumab and eli-
gible for trial participation may prefer active treatment to trial enroll-
ment; or patients on aducanumab may wish to continue this treatment
and be included in trials of potential new AD therapies in addition to
their ongoing treatment. Trial design will require reconsideration to
account for the presence of aducanumab in the market.2é Among the
trial design options are to exclude patients on aducanumab from par-
ticipationin a trial assessing a new therapy as is currently done in some
AD trials that exclude cholinesterase inhibitors or memantine. Another
option is to allow aducanumab as background therapy with stratifica-
tion, analytic adjustment, and recalculation of sample sizes required to
show a treatment effect. Trials comparing a novel agent to aducanumab
may be conducted with superiority or a non-inferiority design with clin-
ical efficacy, biomarker effects, or safety as primary or key secondary
outcomes. AD therapeutic research can build on lessons learned from
multiple sclerosis where multiple DMTs have been approved using a
variety of assessment strategies.?’

The CADRO classification of targets reveals a proliferation of mech-
anistic treatment approaches to AD including agents directed at amy-
loid (20 agents), tau (13 agents), inflammation (23 agents), and synap-
tic plasticity (19 agents). Altogether 15 of the 17 categories (exclud-
ing “unknown” and “other”) are represented by drugs in the pipeline
(Figure 4).

Seven monoclonal antibodies, one active vaccine, one ASO, and four
small molecules directed at aspects of the biology of the tau protein and
neurofibrillary tangle formation are currently in AD clinical trials. The
antibodies are directed primarily at extracellular tau that is transferred
from cell to cell in a prion-like manner. Several tau monoclonal anti-
bodies have failed to establish a drug-placebo difference in recent AD
trials including semorinemab, zagotenemab, gosuranemab, and ABBV-
8E12.2829

Targets for monoclonal antibodies in the current AD pipeline
other than the canonical amyloid and tau proteins include antibodies
directed at TREM2, CD38, semaphorin 4D, and galactin 3.

The SARS-CoV-2 virus and ensuing pandemic have challenged trial

sites and temporarily slowed drug development. Many COVID-related
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FIGURE 4 Mechanisms of action of disease modifying agents in all phases of clinical trials grouped according to the Common Alzheimer’s
Disease Research Ontology (CADRO) (Figure © J Cummings; M de la Flor, PhD, lllustrator)

issues affected trial sites including temporary or permanent site clo-
sure; delayed recruitment; participant reluctance to visit sites for clin-
ical assessments and laboratory tests; patient and care partner deci-
sions to stop trial participation; difficulty providing drugs to partici-
pants not visiting sites; the change of on-site testing stemming from
masks, shields, and COVID testing procedures; the need to develop
unanticipated strategies for remote data collection and laboratory
testing; the requirement to adjust procedures to obtain or renew
informed consent remotely; illness and death of trial participants;
and illness, death, and resignation of trial site staff.3° The FDA pro-
vided guidance of Good Clinical Practice of trial conduct during the
pandemic.31%2 The FDA also provided guidance on statistical and
analytic considerations for data from trials affected by the COVID
pandemic.3! Many AD trial outcomes were successfully administered
using telemedicine without compromise of data reliability.3° Statistical
modeling and trial simulation of AD trials indicated that stopping trials
usually resulted in substantial loss of power and prolonging or enlarg-
ing trials were strategies to preserve trial integrity.>* Despite the many
challenges posed by the SARS-CoV-2 pandemic, the AD trial ecosystem
proved to be resilient with few trials stopped during the pandemic and
a substantial number of new trials initiated.

The increased use of composite outcomes is apparent in this review.
This trend is especially evident in trials in early AD (MCI due to AD
and mild AD dementia) in which a significant drug-placebo difference
on a single primary outcome measure may be the basis for regula-
tory approval. Many trials in this stage of the disease use the Clinical
Dementia Rating-Sum of Boxes (CDR-SB) as the primary outcome.3”
Phase 2 trials have used a greater diversity of primary clinical out-
comes. The Phase 2 trial of lecanemab used the Alzheimer’s Dis-
ease Composite Score (ADCOMS)—an analytic approach using the all

items of the CDR and elements of the MMSE and Alzheimer’s Dis-
ease Assessment Scale-Cognitive subscale (ADAS-Cog)—as an out-
come and as a guide to dose decisions in the Bayesian dose-finding por-
tion of the study.>3¢ The Phase 2 trial of donanemab used the inte-
grated Alzheimer’s Disease Rating Scale (IADRS) comprising the ADAS-
Cog-13 and the Alzheimer’s Disease Cooperative Study (ADCS) instru-
mental Activities of Daily Living (iADL) scale as the primary clinical out-
come measure. Composite endpoints, when appropriately constructed
and interpreted, provide greater measurement efficiency and can facil-
itate efficacy conclusions with smaller sample sizes.3”

Biomarkers play increasingly informative roles in AD trials. The
Phase 2 trial of donenemab used tau PET to define the population,
requiring the presence of tau but without a high level of tau abundance
suggesting advanced disease.* Nearly all the participants meeting the
tau PET criteria had positive amyloid imaging; the discordance was
0.9% of individuals who met the tau PET criteria and not the amyloid
PET criteria. This supports the observation that the presence of moder-
ate levels of tau are highly predictive of the amyloid plaque burden.38:3
Plasma p-tau is highly correlated with amyloid PET4%#! and is being
used to identify participants for some AD trials (e.g., Trailblazer 3). If
confirmed, use of p-tau to identify individuals for AD trials is antici-
pated to simplify and accelerate AD trial recruitment.

Other notable observations from this pipeline review include the
large number of participants needed for all ongoing trials (50,757)
and the tremendous amount of participant time devoted to trials
(3,878,843 weeks spent in trials). The long periods required for par-
ticipant recruitment are documented in this review; many trials have
recruitment periods that exceed the treatment period by 2-fold. The
key role played by the biopharmaceutical industry in drug develop-
ment is highlighted by the observation that industry sponsors 68% of
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all Phase 3 trials and 41 percent of all Phase 2 trials. The NIH and aca-
demic medical centers play a large role in Phase 2 proof-of-concept
studies (36% of trials) and a smaller role in late-stage drug development
(15% of Phase 3 trials). Repurposed agents have a greater role in proof-
of-concept and are more likely to be funded by NIH (56%) than biophar-
maceutical sponsors (21%).#2 Global participation in drug development
is evident in this review. Sixty-three percent of Phase 3 trials and 46%
of Phase 2 trials include non-North American sites.

This review is based on data from the clinical trials registry, clini-
caltrials.gov. Recent studies support the use of this data source. Venu-
gopal and Saberwal showed that clinicaltrials.gov is more comprehen-
sive than any other of the 18 worldwide registries they reviewed.!>
The FDA Amendments Act of 2007 requires reporting of trial results
within 1 year of trial completion and the FDA and NIH are increas-
ingly vigilant about enforcement of this mandate, further strengthen-
ing the data available from the registry.*® The registry and our search
strategies are imperfect, and some agents may have been omitted in

this review.

5 | SUMMARY

Clinical trials for AD target a robust array of biological processes
including most of those identified in the CADRO classification. Amyloid
therapies have shown progress with approval of the monoclonal anti-
body aducanumab. Other amyloid approaches as well as treatments
for tau abnormalities, inflammation, and synaptic dysfunction are well
represented in the AD drug development pipeline. The number of clin-
ical trials has increased somewhat despite challenges created by the
current pandemic. Biomarkers are increasingly used to inform clini-
cal trials including their use in diagnosis and as outcomes. New clini-
cal outcome measures, especially composite scale and scores, provide
greater sensitivity to treatment response. Drug development for AD
depends on robust alliances with participants and their families given
the large time sacrifices they make in trial involvement. The distribu-
tion of sites in trials demonstrates the global ecosystem that supports
AD drug development. Progress in target identification, drug discovery,
and clinical trial methodology increases confidence that more and bet-

ter treatments will emerge from the AD drug development pipeline.
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