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Abstract

Biomarkers have a key role in Alzheimer’s disease (AD) drug development. Biomarkers can assist
in diagnosis, demonstrate target engagement, support disease modification, and monitor for safety.
The amyloid (A), tau (T), neurodegeneration (N) Research Framework emphasizes brain imaging
and CSF measures relevant to disease diagnosis and staging and can be applied to drug
development and clinical trials. Demonstration of target engagement in Phase 2 is critical before
advancing a treatment candidate to Phase 3. Trials with biomarker outcomes are shorter and
smaller than those required to show clinical benefit and are important to understanding the
biological impact of an agent and inform go/no-go decisions. Companion diagnostics are required
for safe and effective use of treatments and may emerge in AD drug development programs.
Complementary biomarkers inform the use of therapies but are not mandatory for use. Biomarkers
promise to de-risk AD drug development, attract sponsors to AD research, and accelerate getting
new drugs to those with or at risk for AD.
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2.1 The Role of Biomarkers in Alzheimer’s Disease Drug Development

Alzheimer’s disease (AD) is a neurodegenerative disorder that progressively compromises
cognition, function, and behavior [1, 2]. AD becomes more common in the elderly and is
reaching epidemic proportions with the graying of the global population. The frequency of
AD doubles in frequency every 5 years after the age of 60 [3]. An estimated current 35
million victims worldwide will grow to over 130 million by 2050 [4]. The cost of AD to the
global economy will increase from its estimated 818 billion US dollars (USD) in 2015 to 2
trillion USD by 2030 [5]. To address this growing public health crisis, it is critical that
treatments that defer the onset, slow the progression, or improve the symptoms of AD be
identified.

There is high failure rate of AD drug development; there have been no new drug approvals
for AD since 2003, and the failure rate in development programs exceeds 99% [6]. To
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advance new therapies for AD, it is imperative that the vulnerabilities of the drug
development process be identified and addressed. The improvement must span target
identification, drug screening and optimization, use and interpretation of animal models of
AD, and the clinical trial process [7]. The risk of AD drug development is high, and
biomarkers represent a promising means of reducing the risk and increasing the likelihood of
technical success. Understanding of AD is improving rapidly, and key biological events are
being identified. In some cases these events are accompanied by biomarkers measurable by
brain imaging or in the cerebrospinal fluid (CSF) or blood. The use of these biomarkers to
improve the drug development process can de-risk AD drug development. This contribution
describes the increasing role of biomarkers in AD drug development.

Several new advances relevant to biomarkers are included in this review. The amyloid (A),
tau (T), neurodegeneration (N) Research Framework uses biomarkers to diagnose AD [8].
These same biomarkers can also serve important roles in drug development including
demonstrating target engagement or providing support for disease modification [9]. The US
Food and Drug Administration (FDA) developed an AD staging system that facilitates trials
in patients with preclinical and prodromal AD and emphasizes the potential role for
biomarkers in drug development in early AD [10]. This staging system and the use of
biomarkers is described and accelerated approval of new treatments are discussed. The use
of biomarkers in both disease-modifying and symptomatic drug development is presented.

2.2 Overview of Biomarkers in AD Drug Development

A biomarker is a characteristic that is objectively measured and evaluated as an indicator of
normal biological processes, pathologic processes, or biological responses to a therapeutic
intervention [11]. Biomarkers help characterize the baseline state, a disease process, or a
response to treatment. Biomarkers include measures of genes, “omics” technologies
(genomics, transcriptomics, proteomics, metabolomics, lipidomics), imaging, blood,
electrocardiograms, or evaluations of organ function (e.g., liver functions, etc.) [12, 13]. The
National Institutes of Health (NIH) developed an extensive glossary of biomarker-related
terms—Biomarkers, EndpointS, and other Tools (BEST) resource—to provide a shared
vocabulary for biomarker discussions [14].

Table 2.1 presents an overview of the roles played by biomarkers in AD drug development.
The principal uses of biomarkers include demonstrating the presence of AD-type
pathological changes with CSF measures or amyloid positron-emission tomography (PET)
for inclusion in AD trials, demonstrating target engagement by the candidate therapy,
generating supportive evidence of disease modification, informing analytic stratification, and
monitoring of adverse effects of treatment. Means of scoring biomarkers to increase
confidence in their role in drug development have been proposed but not yet widely adopted
[15].
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2.3 A, T,N Framework for Alzheimer’s Disease Diagnosis and
Characterization

The A, T,N Research Framework uses biomarkers to diagnose and characterize AD [8].
Amyloid measures include amyloid PET (Fig. 2.1) and CSF amyloid beta (AB) protein; tau
measures include tau PET (Fig. 2.2) and CSF phosphorylated tau (p-tau); neurodegeneration
is reflected in atrophy on magnetic resonance imaging (MRI) (Fig. 2.3), CSF levels of total
tau (t-tau), or fluorodeoxyglucose (FDG) PET (Fig. 2.4). In this approach, reduced N in the
treatment groups compared to the placebo group is the object of disease-modifying therapy
(DMT) [16, 17].

Reductions in aggregated Ap on amyloid PET or changes in CSF AB42 demonstrate impact
on A, and drug-placebo differences in aggregated tau on tau PET or CSF p-tau establish
effects on T. Amyloid PET measures the aggregated, deposited fibrillar, insoluble form of
AB, and CSF amyloid is a measure of the soluble monomeric form of the peptide. Similarly,
tau PET measures the fibrillar deposited form of the tau protein, and CSF p-tau is the soluble
form of the tau protein. Oligomeric Ap and oligomeric tau may represent the neurotoxic
form of these peptides and do not have currently accepted measures that have been shown to
be useful in trials. Drug-placebo differences in A and T would represent important effects on
AD biology. They are markers of intermediate steps of the biological changes leading to cell
death and do not themselves represent evidence of disease modification. Evidence linking
these biomarkers to neuronal loss might allow them to function as surrogate markers of N;
this evidence is lacking. A and T are currently best regarded as target engagement
biomarkers.

2.4 Biomarkers for Participant Selections

Participation in AD treatment trials requires that the patient have AD. The clinical diagnosis
of AD dementia is approached using the 1984 criteria of the National Institute of
Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA) [18] or the 2011 criteria of the National
Institute on Aging-Alzheimer’s Association (NIA-AA) [19]. Recent studies with amyloid
imaging show that a substantial portion of individuals diagnosed with these criteria lack
biomarker evidence of AD. Using the cohort of the Alzheimer’s Disease Neuroimaging
Initiative (ADNI), Landau and colleagues found that 15% of patients diagnosed clinically
with AD dementia had amyloid PET and CSF findings incompatible with the diagnosis [20].
Similarly, among patients diagnosed clinically with mild AD dementia, Sevigny and
coworkers found that 25% failed to show abnormal amyloid levels on amyloid PET [21].
These findings demonstrate that the clinical diagnosis of AD is insufficient to establish a
secure diagnosis or be certain of the associated pathology. Measures of A are critical to
supporting the diagnosis of AD and providing the rationale for anti-AD therapy. Patients that
are amyloid negative have slower progression than those with AD dementia even if they
have evidence of neurodegeneration on MRI; these individuals have been labeled as
suspected non-Alzheimer pathology (SNAP) [22]. SNAP patients, if included in trial
populations, will decrease the rate of change in the placebo group and compromise the
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ability to demonstrate a drug-placebo difference in the trial. Thus, amyloid biomarkers are
needed to show the presence of the AD pathology substrate and to optimize the rate of
decline in the placebo group. These considerations apply to trials of both DMTs and
symptomatic cognition enhancers.

A recent drug development program for idalopirdine—a 5-HT6 antagonist targeting
cognitive enhancement—recruited patients with mild-to-moderate AD dementia based on
clinical diagnostic criteria without a confirmatory biomarker. A subgroup of the patients had
known amyloid status, and this group declined significantly faster on the Alzheimer’s
Disease Assessment Scale-Cognitive Subscale (ADAS-Cog) than patients with negative or
unknown amyloid status [23]. The greater decline in the biomarker-enriched group would
have allowed demonstration of a drug-placebo difference with smaller sample sizes if the
agent had been efficacious. This is an example of how diagnostic confirmation of an AD
diagnosis can be important in development programs for symptomatic as well as disease-
modifying agents.

Mild cognitive impairment (MCI) is an etiologically nonspecific syndrome comprised of
several entities associated with cognitive impairment including AD, precursor phases of
other dementias such as dementia with Lewy bodies (DLB) and frontotemporal dementia
(FTD), depression, and other unrecognized states. This heterogeneity is manifest in the
longitudinal outcomes of MCI that include progression to AD, progression to other types of
dementias, recovery to normal cognition, and continuation in the MCI state [24]. Bangen
found that 37% of amnestic MCI patients did not have brain amyloid by PET assessment
indicating that they did not have AD as the key associated pathology [25]. Similarly, Wisse
and colleagues [22] reported that 36% of the MCI population they assessed lacked positive
findings on amyloid imaging. Of MCI patients who progressed to dementia, 29% were
found to have non-AD diagnoses as the primary cause of dementia at autopsy [26]. These
studies suggest that at least one-third of patients with MCI do not meet biomarker criteria for
prodromal AD using the criteria of the International Work Group [27]. As discussed above,
the absence of the pathological changes of AD indicates that the substrate of many AD
therapies is absent, and the decline in the placebo group on which power calculations and
sample sizes are based becomes less predictable. Biomarker confirmation of the presence of
AD pathological changes should be pursued in both DMT and symptomatic therapy drug
development programs for prodromal AD or MCI due to AD [27, 28].

Preclinical AD participants do not evidence cognitive abnormalities (although they may have
decline from past cognitive performance levels) and can be identified only through the use of
biomarkers. Primary and secondary prevention trials can target this population. Cognitively
normal individuals with normal amyloid PET or normal CSF levels of Ap are subjects for
primary prevention trials; those with normal cognition and evidence of abnormal brain
amyloid can be participants in secondary prevention trials. Of 353 ADNI subjects over age
65 with normal cognition, 45% (160) had normal CSF Ap42 levels and negative amyloid
PET, 47% had abnormal CSF AB42 and abnormal amyloid PET, and 7% (26) had abnormal
CSF AB42 and normal amyloid PET [29].
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A meta-analysis of studies of amyloid PET in those with normal cognition shows that the
rate of amyloid positivity increases from 10.4% in those 50-55 years old to 43.8% among
those 90+ years old [30]. Figure 2.5 shows the prevalence of positive amyloid imaging by
age and establishes the expected screen fail and screen positive rate for cognitively normal
individuals if no other screening criteria are employed. The rate of amyloid positivity is
increased twofold in apolipoprotein E (ApoE) 4 gene carriers [31].

Together these observations indicate that biomarkers are required for diagnostic confidence
in preclinical, prodromal, and dementia trials. Amyloid biomarkers confirm the diagnosis
and provide confidence in the predicted decline of the placebo group and the ability to
predict effect sizes and sample size requirements. Amyloid biomarkers establish the
presence of the target pathology for anti-amyloid trials. Amyloid biomarkers show that the
patient has AD and not some other unknown pathology that could create a neuronal
environment with an unknown therapeutic response to anti-amyloid treatments. Establishing
a firm diagnosis of AD by demonstrating abnormal brain amyloid metabolism or
aggregation is important for non-amyloid therapies directed at tau, neuroprotection,
inflammation, or other AD-related pathologies. In these trials, amyloid PET or CSF Ap
function as inclusion criteria and not as outcomes. Despite the advantages of confirming the
diagnosis of AD with biomarkers, a recent review of current AD trials and the AD pipeline
showed that 11 of 25 DMT trials in Phase 3 and 21 of 38 DMT trials in Phase 2 did not
require evidence of amyloidosis at baseline [32]. Failure to show a drug-placebo difference
in these trials will leave unresolved the question of whether there was lack of efficacy of the
test agent or an insufficient number of trial participants with AD.

2.5 Biomarkers of Target Engagement

In drug development programs, Phase 2a is typically used to establish proof of concept
(POC) and Phase 2b to determine the doses to be advanced to Phase 3. POC can be based on
a clinical response or on a biomarker response or some combination of clinical and
biomarker outcomes. Symptomatic agents with detectable clinical responses such as the
cholinesterase inhibitors can achieve POC in Phase 2 with clinical measures [33-35].
Symptomatic agents improve cognition above baseline and can show cognitive and global
benefit without substantial decline in the placebo group. DMTs target slowing of progression
in comparison to the decline observed in the participants in the placebo arm of the study.
This typically takes a large trial and long observation period (12 months to 5 years
depending on the stage of the participants and the outcomes chosen). Such large long studies
are characteristic of Phase 3, not Phase 2. This created the “Phase 2 conundrum” in AD drug
development and was resolved by some sponsors by advancing agents from Phase 1 to Phase
3 with little effort to show a drug-placebo efficacy difference or understand the safety issues
of the agent in Phase 2 [36]. The Phase 2 conundrum can be addressed by using biomarkers
as the principal readout with attention to the directional responses of clinical measures but
not requiring demonstration of clinical benefit. Agents with biomarkers showing responses
in early phase drug development are more likely to be advanced to later phase of
development and to be approved [37, 38]. Drug-placebo differences in biomarker measures
can be shown in smaller shorter trials. No biomarker has achieved surrogate status in AD
drug development with definite evidence that a change in the biomarker predicts a clinical
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benefit. Nevertheless, a Phase 3 program can be de-risked by acquiring a repertoire of
biomarkers and clinical measures that provide a “weight of evidence” argument supporting
drug efficacy and inform the go-no, go decision process at end of Phase 2.

Phase 2 clinical trials should show target engagement and establish the dose(s) to be
advanced to Phase 3. Unless target engagement is established, it is impossible to distinguish
between a drug that failed to engage the target and a failed trial (usually poorly conducted)
as the interpretation of a trial showing no drug-placebo difference [39]. Target engagement
can be shown by receptor occupancy or proof of pharmacology. Receptor occupancy is more
often used in development programs for symptomatic agents; proof of pharmacology is
applicable to both symptomatic and disease-modifying drug development. Symptomatic
agents can be advanced on the basis of clinical response, but demonstrating target
engagement provides information relevant to brain penetration, dose optimization, and
efficacy. DMTSs should not be advanced to Phase 3 without evidence of target engagement in
Phase 2. There are relatively few well-developed target engagement biomarkers. Sponsors
should require development of biomarkers to show target engagement (fluid or imaging) to
advance a drug development program.

2.6 Fluid Biomarkers of Target Engagement

Proof of pharmacology for enzyme inhibitors can be shown by stable isotope labeling
kinetic (SILK) studies [40]. When used to measure amyloid protein synthesis, this technique
involves labeling an amino acid in peripheral blood and then using mass spectrometry to
determine when it appears (synthesis rate) in the amyloid protein and disappears (amyloid
clearance rate) from the CSF. SILK has been used to show that amyloid clearance is
decreased in late-onset AD and that this may be an important contributor to amyloid
aggregation in this form of the disease [41]. In the autosomal dominant form of AD
(ADAD), production of AB40 and AB42 was 24% higher in mutation carriers than
noncarriers, and the fractional turnover rate of Ap42 was 65% faster in mutation carriers
[42]. These observations show that late-onset AD (LOAD) reflects reduced amyloid
clearance; ADAD reflects amyloid over-production.

In drug development programs for inhibitors of enzymes involved in Ap synthesis, SILK can
be used to assess the short-term impact of inhibition of amyloid production. When testing a
gamma-secretase inhibitor (semagacestat; LY 450139), patients received an oral dose of the
inhibitor at the start of a 9-h infusion of labeled leucine; CSF sampling occurred
continuously over the next 36 h. Hours 0-12 were used to calculate Ap synthesis and hours
24-36 to calculate A clearance. There was a dose-dependent decrease in AB production
ranging from 47% to 84% with no effect on AB clearance [43]. SILK showed proof of
pharmacology for inhibition of AR production over 36 h. A 16-week study of the agent
showed no decrease in CSF AP at the end of the exposure period suggesting that short-term
inhibition of gamma-secretase may not predict long-term inhibition [44].

Verubecestat, a p-site amyloid precursor protein cleaving enzyme 1 (BACE 1) inhibitor,
decreased CSF levels of AP over a 7-day continuous sampling period [45], and the levels
remained 70-80% lower than placebo-treated patients after an 18-month treatment period
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[46]. In this case, short-term observations were consistent with long-term data. There was no
associated cognitive or functional benefit from prolonged Ap reductions in these patients
with mild-to-moderate AD.

Gamma-secretase inhibitors decrease the production of Ap42 and increase the production of
shorter amyloid fragments. A rise in Ap15-16 is a target engagement biomarker for gamma-
secretase inhibitors showing that the enzyme activity has been decreased and pharmacologic
consequences are measurable. This can be shown acutely using short-term measures [47].

Labeled leucine has also been used to interrogate tau protein kinetics [48]. No treatment-
related effects of tau agents have been reported using this approach. This technique will
provide insight into tau therapeutics and impact of drugs on tau dynamics.

CSF p-tau and AB1-42 can serve as pharmacodynamic measures of target engagement. P-
tau is increased in AD and is hypothesized to reflect either cell death with release of the
neurofibrillary tangle-associated p-tau protein into the CSF or leakage of p-tau from the
extracellular space into the CSF during the prion-like transfer of p-tau from cell-to-cell [49].
T-tau measures are considered measures of neurodegeneration. Table 2.2 shows the results of
trials where p-tau was measured. Patients on active treatment observed with bapineuzumab,
gantenerumab, and semagacestat had modest reductions in p-tau in some studies. Most trials
showed no effect on p-tau levels.

CSF Ap1-42 is monitored as a pharmacodynamic outcome in trials of anti-amyloid agents
(Table 2.3). Reduction in AB1-42 or a decrease in the AB42/40 ratio is a diagnostic hallmark
of AD and correlates with increased amyloid plaque burden on amyloid PET [50]. Further
reduction in CSF levels of AB1-42 has been achieved with BACE inhibitors. Verubecestat,
for example, produced 80% reduction in Ap1-42 levels after 18 months of treatment [46].
Solanezumab produced increased levels of CSF AB1-42 in Expedition/Expedition I [51]
and in Expedition 111 [52]. Crenezumab was associated with decreased CSF Ap compared to
placebo [53]. The effect of other amyloid-related treatment mechanisms on CSF AB1-42
levels is less predictable. For example, it might be anticipated that agents that reduce
amyloid aggregation would increase the monomeric form of AB1-42 measured in the CSF
and decrease the oligomeric form [54]. Resolution of these issues awaits further empirical
evidence.

Inflammation is increasingly recognized as a critical process of AD neurobiology [55].
Several biomarkers for inflammation have been proposed and may eventually be included as
biomarkers in AD clinical trials, especially those where the test agent targets or affects
inflammation. In CSF, C-reactive protein (CRP) (decreased) and TREM-2 (increased) differ
between normal elderly controls and those with AD dementia [56]. CRP is also reduced in
plasma of those with AD dementia compared to those with MCI or normal cognition [57].
Correlations between levels of CRP and cognition or disease progression are weak. Elevated
CSF levels of the pro-inflammatory cytokine TNF-alpha and decreased levels of the anti-
inflammatory cytokine TGF-p are associated with an increased risk of progression from
MCI to AD dementia suggesting that inflammation is playing a role in this early phase of
symptomatic disease progression [55]. Chemokines are also altered in AD including
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elevated levels of monocyte chemoattractant protein-1 [58]. Microglial activation is part of
the inflammatory process and stimulates astrocytic expression of YKL-40. Increased levels
of YKL-40 are evident in CSF and blood in AD dementia [59]. Microglial activation can be
assessed with PET imaging using ligands binding to microglial proteins; elevated microglial
activity has been shown in medial temporal, occipital, and parietal lobes in those with AD
dementia [60]. Reduction of inflammatory markers may be a means of tracking anti-
inflammatory effects of AD therapies.

Isoprostanes are prostaglandin isomers produced from polyunsaturated fatty acids in lipid
membranes by free radicals and comprise an index of oxidative injury measurable in the
CSF and plasma [61, 62]. Isoprostanes increase in the course of normal aging as well as in
AD. F2-isoprostanes have the best measurement performance characteristics of assays of
oxidative damage [61] and may be used to reflect decreased membrane injury associated
with AD-related treatments that provide neuroprotection [63].

Cyclic guanosine monophosphate (cGMP)-specific phosphodiesterase (PDE) inhibitors are
candidates for cognitive enhancement in AD by increasing brain cGMP levels. PDE
inhibitors have shown proof of pharmacology by raising CSF levels of cGMP after oral
dosing. With Bl 409306, a PDE9 inhibitor, maximum CSF cGMP concentrations were
achieved within 2-5 h, declining to baseline 10-14 h after dosing in a Phase 1 study with
healthy volunteers. This is an example of using a proof-of-pharmacology biomarker in a
development program for a symptomatic cognitive enhancing agent. The agent did not
produce clinical benefit; other PDE inhibitors are in clinical development [32].

Imaging Biomarkers of Target Engagement

Receptor occupancy studies are valuable when there is a defined receptor for the test agent;
this is most likely in development programs for symptomatic agents—cognitive enhancers or
drugs to treat neuropsychiatric syndromes in neurodegenerative disorders. An example of
investigation of receptor occupancy in a drug development program for neurodegenerative
disease is the PET study of pimavanserin, a 5-HT2A inverse agonist. Ascending doses of
pimavanserin were given to healthy volunteers, followed by radio-labeled [L1C]A-
methylspiperone ([11CJNMSP), a 5-HT2A ligand. Reduced NMSP binding was evident
following 1 mg of pimavanserin and reached near maximal displacement with the 10-20 mg
doses [64]. The radioligand PET study showed blood-brain barrier penetration, dose-related
receptor occupancy, dose of maximal occupancy, and safety. Receptor occupancy studies are
a means of showing target engagement in a drug development program. Pimavanserin is
approved for hallucinations and delusions in Parkinson’s disease psychosis [65], reduced
symptoms of AD-related psychosis [66], and is being studied for dementia-related psychosis
[67].

Amyloid and tau PET are biomarkers of target engagement but are not direct measures of
cell loss and neurodegeneration. An example of reduction of fibrillar amyloid in a clinical
trial emerged from the trial of the monoclonal antibody aducanumab [68]. There was a dose-
dependent decrease in AP plaque evident at 6 and 12 months of exposure. There was a
corresponding amelioration in progression at the highest doses as measured by the Clinical

Adv Exp Med Biol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cummings

Page 9

Dementia Rating Sum of Boxes (CDR-sb) and the Mini-Mental State Examination (MMSE)
but not on the Neuropsychological Test Battery (NTB) or the Free and Cued Selective
Reminding Test (FCSRT). Dose- and genotype-dependent amyloid-related imaging
abnormalities (ARIA) were evident. This agent is now in Phase 3 clinical trials. Reduced
plaque amyloid has been observed with the monoclonal antibodies gantenerumab and
BAN-2401 [69] and with the small molecules verubecestat [46] and bexarotene [70].

Trials of a few other agents have shown reductions in brain plaque burden on amyloid PET
but with no corresponding benefit for cognition or function (Table 2.4). These studies show
that demonstration of target engagement in Phase 2 may not predict cognitive benefit in
Phase 3. Figure 2.6 shows the relationship of A and T imaging to impact on N; ATN
biomarkers are pharmacodynamic measures.

An underutilized opportunity to show target engagement and garner information supportive
of proof of pharmacology is the use of functional MRI (fMRI) to explore circuit-level effects
of Phase 2 interventions [71]. A,T,N are cellular- and tissue-level measures that reflect the
core pathologic involvement of the brain in AD. Cognition and behavior are supported by
complex brain circuits that are comprised of integrated nodes and connections [72] (Fig.
2.7). Aspects of these circuits are active at rest and differ from circuits that are dynamically
engaged with specific cognitive activities. The activity pattern of resting state fMRI includes
a posterior default mode network (DMN) and an anterior salience network (SN). The
posterior DMN is comprised of a temporal-parietal network associated with memory and
visuospatial function; the anterior SN includes frontal structures relevant to social-emotional
function. In AD, the posterior DMN connectivity to posterior hippocampus and medial
cingulo-parieto-occipital regions is diminished in contrast to intensified activity in the
anterior SN [73, 74] (Fig. 2.8). Circuit function deteriorates in the preclinical phases of AD
and continues to decline in prodromal and dementia phases [75]. Activated fMRI wherein
patients perform cognitive tasks while in the MRI scanner show task-related regional
activation and can also be used to investigate characteristic changes in AD [76]. Treatments
that affect core A, T,N biology but do not impact circuit function are unlikely to produce a
cognitive benefit compared to placebo. fMRI has had only limited application in multisite
trials, but preliminary reliability studies support its implementation in Phase 2 trials [77, 78].
Treatment benefits demonstrated with fMRI would support circuit-level effects and increase
confidence that the treatment will have cognitive benefit [71]. FDG PET circuit analyses and
EEG may provide similar insights into circuit-level function but have not been explored in
this context in multicenter studies [79].

2.8 Biomarkers Evidence of Disease Modification

A major role for biomarkers in current drug development programs is to provide evidence in
support of disease modification for clinical trials of DMTs. Disease modification is defined
as ameliorating the basic processes leading to cell death with a corresponding clinical
benefit [16, 17]. To show that disease modification has occurred requires an impact on N
(neurodegeneration) of the A, T,N Research Framework [8]. Recognized assessments of N
include atrophy on MRI, hypometabolism on FDG PET, or increases in total tau in the CSF.
Measures that are promising candidate biomarkers of N include neurofilament light (NfL),
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neurogranin, and visinin-like protein-1 (VILIP-1) (Fig. 2.9). NfL is an axonal protein
appearing in CSF and plasma with neurodegeneration [80]. VILIP-1 is a neuronal calcium
sensor protein previously used as a marker of acute ischemic stroke and found to be elevated
in CSF of AD patients [81]. Neurogranin is a synaptic protein that is shed into CSF under
circumstances of synaptic degeneration in AD [82]. NfL, total tau, and neurogranin have all
been shown to correlate with regional cerebral atrophy, although the strength of correlations
may vary [83].

MRI shows progressive atrophy in the course of AD with decline of whole brain and
hippocampal volume and increasing ventricular size [84] (Fig. 2.3). Atrophy is correlated
with cell loss [85] suggesting that interfering with neurodegeneration and cell loss should
slow the rate of atrophy and create a drug-placebo difference at end of trials in favor of
active treatment. Review of studies reporting MRI results and listed in Table 2.5 shows that
this anticipated result has rarely been achieved. In most trials reporting MRI findings, there
has been no drug-placebo difference at trial termination; in a few, the active treatment group
has shown greater atrophy. It is uncertain whether the apparently greater shrinkage or
“pseudo-atrophy” in the treatment group reflects amyloid removal or reduction of
inflammation or if, at least with some treatment mechanisms, neurotoxicity and true increase
in atrophy has occurred.

CSF total tau is included in the A, T,N Framework as a marker of N [8]. Tau protein is a
microtubule-associated protein that has a critical role in intracellular transportation. It may
become hyper-phosphorylated to p-tau in the process of forming neurofibrillary tangles
where it becomes a marker of T, or it may appear directly in the CSF presumably as a
product of cell death and reflecting N. CSF measures of p-tau and total tau have been
collected in several major trials (Table 2.2). In a few trials, relatively small magnitude
changes in either tau species have been observed. The interpretation of these changes is
uncertain. Until recently, measurement of tau across or within laboratories produced
inconsistent results, and the evolution of new techniques in tau measures will assist in using
tau as an outcome in drug development [86].

Fluorodeoxyglucose PET is among the N measures of the A, T,N Framework (Figs. 2.4 and
2.9). The metabolic activity measured with FDG PET is largely reflective of synaptic
activity and neuronal activating [8, 87], and hypometabolism is regarded as a reflection of
synaptic compromise in the course of cell death. Relatively few AD clinical trials have
included FDG PET as an outcome. Methodologies have evolved to suggest that it can be
performed reliably as part of a multisite trial and have the ability to detect treatment effects
with relatively small sample sizes [88, 89]. Brain metabolism can be increased with
symptomatic treatments, and this potential confound must be considered in FDG studies
[90]. Novel imaging biomarkers such as the synaptic vesicle glycoprotein 2A (SV2A) PET
ligand, indicative of synaptic density, may present novel opportunities to document
neurodegeneration [91, 92].
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2.9 Biomarkers for Safety in AD Drug Development

Liver functions, blood counts, muscle enzymes, and electrocardiograms are key biomarkers
for drug toxicity [93], and toxicity accounts for the termination of approximately 30% of
drug development programs [94]. These measures are included in AD drug development
programs. Liver toxicity has been observed with some BACE inhibitors and some 5-HT6
antagonists such as the Phase 2 studies of idalopirdine [95], and QTc prolongation was
observed in a trial of citalopram for agitation in AD [96].

Off-target adverse events occurred in the course of gamma-secretase drug development with
hypopigmentation, skin cancers, and cognitive and functional impairment relative to placebo
[97]. The dermatologic changes are attributed to inhibition of NOTCH proteases; the
cognitive and functional toxicity is of uncertain origin. Amyloid-related imaging
abnormalities (ARIA) occur with some monoclonal antibodies, and monitoring these with
MRI in the course of trials is critical to insuring the safety of these treatments [98].

2.10 FDA Classification of Biomarkers and Integration into Stages of
Alzheimer’s Disease

The FDA has proposed a staging system for AD beginning with biomarker-positive
asymptomatic individuals (Stage 1); those with cognitive impairment measurable only with
sensitive neuropsychological instruments and no functional impairment (Stage 2); those with
mild cognitive impairment and functional compromise measurable with sensitive
instruments but not sufficient to meet criteria for dementia (Stage 3); and those with mild,
moderate, and severe AD dementia (Stages 4, 5, 6) (Table 2.6) [10]. Biomarkers play an
important role in this staging system particularly in the Stage 1 where there are no cognitive
or functional changes, but biomarker changes indicative of AD pathological changes are
present. Biomarkers that are abnormal in this early preclinical phase of the disease include
positive amyloid imaging and low CSF AB42. The FDA Guidance provides for accelerated
approval for a treatment at this stage based on a biomarker thought to be reasonably likely to
predict clinical benefit and coupled with a post-approval plan to gather evidence on clinical
outcomes. The FDA Guidance noted that no current AD biomarker can be regarded as a
surrogate that reliably predicts clinical measure. Full approval would require demonstrating
a drug-placebo difference on a clinical outcome. The FDA Guidance [10] indicates that in
Stage 2, approval could be based on persuasive effects on neuropsychological measures
supported by effects on the characteristic pathophysiological (biomarker) changes of AD.
These approval discussions are independent of discussions of acceptable labeling of a new
treatment where the designation of being a DMT will likely require robust effects on N-type
biomarkers or effects on biomarkers known to predict N or to predict sustained cognitive and
functional benefit.

The FDA divides biomarkers into categories of diagnostic, prognostic, predictive, response,
and safety [99] (Table 2.7). Diagnostic biomarkers insure accurate diagnosis and allow
categorization of a condition by the presence or absence of a specific pathophysiological
state. Prognostic biomarkers indicate disease course and can be used to enrich populations to
optimize establishing a drug-placebo difference. Predictive biomarkers assist in forecasting
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the response to treatment. Pharmacodynamic or activity biomarkers show that a biological
response has occurred in an individual who received the therapeutic intervention.
Pharmacodynamic biomarkers are used in Phase 2 studies to improve understanding of how
to use a drug and to guide dose or regimen decisions for Phase 3. Evidence of disease
modification also depends on pharmacodynamic biomarkers. Safety bio-markers are used to
capture adverse events.

In AD drug development, evidence of amyloidosis is considered diagnostic of the AD
pathological process; tau PET or MRI atrophy might serve a prognostic biomarkers of
participants who will decline more rapidly; inflammatory markers might serve as a
predictive biomarker for patients most likely to respond to anti-inflammatory therapies; both
target engagement biomarkers and biomarkers of disease modification are pharmacodynamic
biomarkers (Fig. 2.6); and use of MRI to monitor of ARIA is an example of a safety
biomarker (Table 2.7).

2.11 Biomarker Qualification and Context of Use

Qualification refers to the FDA-defined process of reviewing drug development tools
(DDTs) intended for use in multiple development programs [99]. DDTs include biomarkers,
clinical outcome assessments, and animal models of drug development. Once qualified, drug
developers can use the biomarker within the specific context of use (COU) for the qualified
purpose as long as no new information that conflicts with the original basis for qualification
has evolved. The qualification process is intended to expedite drug development by making
publically available DDTs that can be widely employed. A qualified DDT can be relied on to
have a specific interpretation in drug development and regulatory review. Qualification is a
complex process that begins with an initiation request and DDT letter of intent. This stage
(Stage 1) is followed by consultation and advice with an FDA Qualification Review Team
(QRT) regarding the submitter’s goals and the COU of the DDT, current understanding of
the available data, identification of information gaps, discussion of additional information
that may be needed, and construction of a plan for the qualification process (Stage 2). Stage
3 is comprised of review of the full qualification package [99]. The DDT COU proposal is
reviewed by individual disciplines, and a final combined executive summary and
recommendation are issued by the QRT. The qualification process is typically pursued by
organizations such as the Coalition Against Major Disease (CAMD) of the Critical Path
Institute [100]. No AD-related biomarkers have been advanced to qualification by the FDA.
The European Medicines Agency (EMA) approved low CSF AB1-42 and high t-tau as
qualified for identification of prodromal AD; CSF AB1-42, t-tau, and amyloid PET to enrich
for subjects in trials of mild-to-moderate AD; and hippocampal volume for enrichment of
trials in predementia stages of AD [101, 102].

DDT qualification is not necessary for use of a DDT within an individual drug development
program, and use of a DDT in a program does not automatically qualify the DDT for the
general COU. When qualified biomarkers are not available, the pharmaceutical developer
engages with FDA to reach agreement on the use of a particular biomarker in the drug
development program [103]. In the case of fluid biomarkers, the sponsor must present
information on specified reagents, analytical validation, rigorous process standardization,
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procedures for sample collection and handling, measurement stability, environmental change
tolerance, lot-to-lot variability, computational procedures, and validated, reliable, and
accurate interpretation [13, 104]. The specific use of the biomarker in the development
program must be specified with a program-specific COU. These discussions are confidential
and do not become available to other sponsors.

2.12 Companion and Complementary Diagnostics

The reliance on biomarkers in the drug development process lends itself to the development
of companion or complementary diagnostics. A companion diagnostic is an in vitro
diagnostic device (IVD) required for the safe and effective use of a corresponding
therapeutic. The companion test may identify those most likely to respond or to have side
effects, monitor therapy, or identify those in whom the therapeutic product has been
adequately studied and found to be safe and effective [99, 105]. When approved as a
companion diagnostic, use of the VD is mandatory before prescribing the drug or biologic.
Extensive analytical and clinical validation is required for I\VDs used as companion
diagnostics [13]. A critical part of the companion diagnostic development is determining the
cutoff level which determines that the test is abnormal and dichotomizes the population into
those with normal or abnormal status [105]. If an anti-amyloid therapy is approved based on
a clinical trial in which participants were defined by abnormal amyloid imaging, then
amyloid PET may be identified as a companion diagnostic required for the safe and effective
use of the therapeutic. Determining the standard uptake value ratio (SUVR) defining the
participant as having brain amyloidosis will be required if the SUVR was used in the pivotal
trial. Visual reads of amyloid PET would be required if that is the approach used in the trial.

Complementary diagnostic tests are not required for prescribing a therapeutic agent but can
identify a biomarker-defined subset of patients that responds particularly well or aids in the
risk/benefit assessments for individual patients [105, 106]. For example, an anti-amyloid
monoclonal antibody might benefit both ApoE-4 carriers and noncarriers, but a higher rate
of ARIA in carriers would play a role in the risk/benefit discussion with the potential
treatment recipient. In this case, the ApoE genotype test would function as a complementary
biomarker.

2.13 Summary

Biomarkers play a central role in AD drug development and are likely to become
increasingly important as the biology of AD is more understood and the repertoire of
biomarkers is expanded. Biomarkers can be used to assist in diagnosis, demonstrate target
engagement, provide support for disease modification, and monitor for safety (Table 2.8).
Diagnostic, predictive, prognostic, pharmacodynamic, and safety biomarkers have been
identified. The A, T,N Research Framework integrates bio-markers into the process of AD
diagnosis and can be applied to drug development and clinical trials. The FDA staging of
AD facilitates drug development for predementia stages of AD and integrates biomarkers
into the staging system. Companion and complementary biomarkers may be developed in
concert with new therapeutics in drug development programs. Informed use of biomarkers
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promises to accelerate AD drug development and assist in bringing new therapies to those
with or at risk for AD.
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Fig. 2.1.
Normal (left) and abnormal (right) amyloid PET
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Fig. 2.2.
Low tau (above) and high tau (below) PET aligned with MRI (images courtesy of Dawn

Matthews)
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Fig. 2.3.
Early AD (left) and late AD (right) MRI. The scan on the right shows whole brain atrophy

and ventricular enlargement (images courtesy of Karthik Sreenivasan)
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Fig. 2.4.
Normal (left) and abnormal (right) fluorodeoxyglucose PET scans
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Fig. 2.5.
Prevalence of amyloid PET positivity by age (data from Jansen et al. [30])
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Pharmacodynamic Biomarker: Pharmacodynamic Biomarker:
Target Engagement Disease Modification

Fig. 2.6.
Pharmacodynamic biomarkers. Tau (T) and amyloid (A) biomarkers function as target

engagement biomarkers showing that an agent affects the brain protein; N biomarkers
support disease modification if a drug-placebo difference is demonstrated

Adv Exp Med Biol. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Cummings

Cognition and
emotion

Circuits underlying
cognition and
emotion

Core ATN cell and
tissue changes

Fig. 2.7.

Page 27

Clinical, functional
and behavioral
measures

fMRI; FDG PET
circuit analysis;
EEG

Amyloid PET; tau
PET; MRI; CSF AB,
tau

Relationship of ATN (amyloid, tau, neurodegeneration) pathology to circuits that underlie

human cognition and emotion is comprised in AD

Adv Exp Med Biol. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Cummings

Page 28

Fig. 2.8.
Avrea of difference in default mode network (DMN) activation on functional MRI (fMRI)

between cognitively normal amyloid-negative older adults and amyloid-positive individuals
with mild cognitive impairment (MCI) from the AD Neuroimaging Initiative (ADNI) (figure
courtesy of Zhengshi Yang)
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Fig. 2.9.
The amyloid (A), tau (T), and neurodegeneration (N) framework of AD with consensus and

emerging biomarkers (figure courtesy of Mike de la Flor)
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Roles of biomarkers in AD drug development with examples
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Rolein trial

Biology identified

Fluid biomarker

Brain imaging

Diagnosis and
participant
identification

Presence of AD-type pathological
changes

Low CSF AB42 or CSF Ap42/t-
tau ratio or Ap42/p-tau ratio

Positive amyloid imaging

Target engagement

Reduction of amyloid production

Reduced AB42 production as
shown by SILK

Removal of aggregated Ap

Reduced AP aggregation as shown
by amyloid imaging

Support for disease
modification

Reduction of measures of
neurodegeneration compared to placebo

Reduced CSF t-tau

Drug-placebo difference in favor
of active treatment for FDG PET
hypometabolism or MRI atrophy

Analytic stratification

Identification of ApoE-4 carrier status

ApOE genotype

Analytic stratification

Effects on the liver or blood

Blood liver function tests,
complete blood count

Production of ARIA by monoclonal
antibodies

MRI monitoring for ARIA

Ap42amyloid beta protein 42 amino acid length fragment, AD Alzheimer’s disease, ApoE apolipoprotein E, AR/A amyloid-related imaging
abnormalities, CSF cerebrospinal fluid, FDG fluorodeoxyglucose, MR/ magnetic resonance imaging, PET positron-emission tomography, S/LK
stable isotope labeling kinetics
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Effects on p-tau and t-tau of recent major clinical trials
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Nin the
CSF
portion of Percent change T-tau
Agent the study Percent change p-tau compared to placebo compared to placebo MOA
AN1792 [107] 21 Not reported Reduced in the active treatment | Antiamyloid
group compared to the pbo vaccine
group (p < 0.001)
Antioxidant *trial 66 No drug-placebo difference No drug-placebo difference Antioxidant
[108]
Semagacestat [97] 47 P-tau increased 16% in the pbo group and No drug-pbo difference GSI
declined by 8% and 4%, respectively, in the
low- and high-dose groups (p = <0.001)
Bapineuzumab; ApoE 212 5.8 pg/ml decrease in treatment group; 0.95 Not reported mAb
carrier study [109] pg/ml increase in the pbo group (o= 0.0.005)
Bapineuzumab; ApoE 188 No drug-pbo difference in the 5 mg/kg Not reported
noncarrier study [109] treatment group; for the 10 mg/kg group,
there was a 8.18 pg/ml decrease in the
treatment group and a 1.98 pg/ml in the
placebo group (p=0.009)
Solanezumab; 45 No drug-pbo difference No drug-pbo difference mADb
Expedition [51]
Solanezumab; 76 No drug-pbo difference No drug-pbo difference mADb
Expedition Il [51]
Gantenerumab [69] 209 -5.61% change from baseline for 105 mg -1.08% change from baseline mADb
dose (p = <0.001 compared to pbo); —7.15% for 105 mg dose (p=0.05
change from baseline for 225 mg dose (p= compared to pbo); —2.91%
<0.001 compared to pbo) change from baseline for 225
mg dose (p=0.02 compared to
pbo)
IVIG [110] No drug-placebo difference No drug-placebo difference
Solanezumab; 258 No drug-pbo difference No drug-pbo difference mAb
Expedition 111 [52]
Crenezumab [53] No drug-pbo difference No drug-pbo difference mAb
\erubecestat [46] 111 Decrease of 0.42% in the pbo group and Increase of 7.52% in the pbo BACE 1
5.86% in the 40 mg group (not significant) group and 3.35% in the 40 mg inhibitor
group (not significant)
Azeliragon (TTP488) No drug-placebo difference No drug-placebo difference RAGE
inhibitor

BACE B-site amyloid precursor protein cleaving enzyme 1, GS/ gamma-secretase inhibitor, /V/G intravenous immunoglobulin, 7456 monoclonal
antibody, MOA mechanism of action, pbo placebo, RAGE receptor for advance glycation end products

Antioxidant, 3 arm trial comparing placebo to 800 1U/day of vitamin E (a-tocopherol) plus 500 mg/day of vitamin C plus 900 mg/day of a-lipoic
acid (E/C/ALA) or 400 mg of coenzyme Q 3 times/day
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Table 2.5

Volumetric MRI results in major recent clinical trials

Page 34

Agent Drug-placebo difference at the end of study Duration of study

AN1792 [116] Greater atrophy in the active treatment group (significant for whole brain and 12 months?
ventricular volume; not the hippocampal volume)

Vitamin E or donepezil [117] No drug-placebo difference in whole brain, ventricular, entorhinal cortex, or 36 months
hippocampal volume with either treatment

Tramiprosate [118] Dose-dependent preservation of hippocampal volume (post hoc analysis) 70 weeks

DHA [119] No drug-placebo difference in whole brain volume, ventricular volume, or hippocampal 18 months
volume

Valproate [111] Greater atrophy in the treatment group compared to the placebo group (whole brain, 24 months
ventricular, hippocampal)

Avagacestat [113] No drug-pbo difference in whole brain, ventricular, or hippocampal volume 24 weeks

Semagacestat [97] No drug-pbo difference in entorhinal cortex or hippocampal volume 76 weeks?

Bapineuzumab; ApoE carrier | No drug-pbo difference in whole brain volume 71 weeks

study [109]

Bapineuzumab; ApoE No drug-pbo difference in whole brain volume 71 weeks

noncarrier study [109]

Solanezumab; Expedition No drug-pbo difference in whole brain or hippocampal volume 80 weeks

[51]

Solanezumab Expedition 11 No drug-pbo difference in whole brain or hippocampal volume 80 weeks

[51]

Azeliragon (TTP488) [120] No drug-placebo difference in whole brain volume or hippocampal volume 18 months

Resveratrol [121] Whole brain volume decreased and ventricular volume increased significantly in the 52 weeks
treatment group compared to the placebo group

Avagacestat [114] Greater atrophy rates were observed in the active treatment group for ventricular and 104 weeks
whole brain volumes; differences were significant at weeks 24 and 56 but not at 104
(possibly due to small the number of patients remaining the study)

Avagacestat [114] No drug-placebo difference in whole brain, ventricular, or hippocampal volume at study | 104 weeks
end; greater atrophy | the treatment group at weeks 24 and 56

Gantenerumab [69] No drug-pbo difference in either dose group for whole brain, ventricular, or left-right 100 weeks
hippocampal volume

IVIG [110] No drug-placebo difference in whole brain volume, ventricular volume, or hippocampal 18 months
volume

Solanezumab; Expedition Il No drug-pbo difference in whole brain or ventricular volume 76 weeks

[52]

Crenezumab [52] No drug-pbo difference in ventricular volume or whole brain volume 73 weeks

Verubecestat [46] No significant drug-placebo difference in hippocampal volumes; numerically greater in 78 weeks

the active treatment groups

BACE B-site amyloid precursor protein cleaving enzyme 1, DHA docosahexaenoic acid, GS/ gamma-secretase inhibitor, GSK glycogen synthase

kinase

/VIG intravenous immunoglobulin, mAb monoclonal antibody, MOA mechanism of action, pbo placebo

a . .
AN1792 and semagacestat trials were stopped before planned completion
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Table 2.7

FDA terminology for biomarkers and identification of biomarkers in each category for AD drug development
(adapted from Amur et al. [103])

FDA biomarker

type Examplesfor drug development Examples from AD drug development

Diagnostic Patient selection Positive amyloid imaging Low CSF AB42 or change in Ap/tau or

biomarkers Ap/p-tau ratio

Prognostic Stratify patients or enrich trials with patients Tau PET to identify AD patients likely to have more rapid cognitive

biomarkers likely to have disease progression ApoE-4 carriers as a prognostic marker for ARIA in
immunotherapy programs

Predictive Stratification Enrichment/inclusion criteria Use of tau PET to identify AD patients more likely to respond to anti-

biomarkers Enrichment/companion diagnostic tau therapies

Response Pharmacodynamic biomarker as an indicator Target engagement biomarkers (e.g., reduction in amyloid plaque in

biomarkers of intended drug activity Efficacy response anti-amyloid programs) Markers of disease modification (e.g., drug-

biomarker as a surrogate for a clinical
endpoint

placebo differences in CSF total tau, FDG PET hypometabolism, or
MRI atrophy)

Safety biomarkers

Biomarkers to detect adverse and off-target
drug responses

MRI to monitor for ARIA in immunotherapy programs

ApoE apolipoprotein E, AR/A amyloid-related imaging abnormalities, CSF cerebrospinal fluid, #DG fluorodeoxyglucose, MR/ magnetic
resonance imaging, PET positron-emission tomography

Adv Exp Med Biol. Author manuscript; available in PMC 2020 January 01.
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Table 2.8

Examples of biomarkers for each phase of AD drug development

Page 37

Type of biomarker

Phase 1

Phase 2

Phase 3

Diagnostic biomarker (e.g.,
amyloid PET or CSF AB or
Ap/tau ratio)

If AD-spectrum patients are
included in the Phase 1
program

All patients

All patients

Target engagement
biomarker

Critical outcome of Phase 2 to allow
progression to Phase 3

Marker of disease
modification

Critical outcome to allow labeling of
the intervention as a DMT

Prognostic biomarker (e.g.,
ApOE-4 carrier status)

Important for analysis of outcomes
and prediction of ARIA in
immunotherapy programs

Important for analysis of outcomes
and prediction of ARIA in
immunotherapy programs

Safety biomarkers

Liver function and other
laboratory tests, ECG, MRI to
monitor for ARIA in
immunotherapy programs

Liver function and other laboratory
tests, ECG, MRI to monitor for
ARIA in immunotherapy programs

Liver function and other laboratory
tests, ECG, MRI to monitor for
ARIA in immunotherapy programs

ApoE apolipoprotein, AR/A amyloid-related imaging abnormalities, £CG electrocardiography, CSF cerebrospinal fluid, AR/ magnetic resonance
imaging, PET positron-emission tomography
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