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Alzheimer's Ddisease (AD) is now the seventh leading cause of death in the United States. This incurable and fatal disease is becoming an increasingly concerning
medical diagnosis. One feature of Alzheimer’s disease is a build-up of the peptide amyloid-beta in the brain that progressively interferes with the patient’s ability to retain
memory and perform mental tasks. One of the newest strategies to combat AD is to target the excess amyloid-beta. Several new drugs have been in stages of clinical
trials, with both Lecanemab and Aducanumab recently being deemed a scientific breakthrough by gaining Food and Drug Administration (FDA) approval. This review will
address the various strategies scientists have taken to target amyloid-beta, discuss the cost versus benefit of the drugs, and attempt to place this information in context

with this significant public health crisis.

Introduction

Alzheimer’s disease is an incurable neurological disease
that largely affects the older generations (ages 65 and up). One
of AD’s hallmark symptoms is dementia, which widely affects
the patient’s cognitive ability, such as memory loss, inability
to problem solve, and decreased function to communicate
with others. Because Alzheimer’s disease is dependent on age,
it is becoming vastly more prevalent as humanity’s lifespan
continues to rise. Roughly 11% of America’s older population
experiences some degree of cognitive decline due to Alzheimer’s
disease [1]. This is becoming a national health crisis amongst
humanity’s older generation.

While there is no definitive answer for the cause of
Alzheimer’s disease, many researchers look to its cardinal
feature, the amyloid plaques, for solutions. The Amyloid
Cascading Hypothesis is a popular theory behind the cause of

AD. This hypothesis reveals how the small effects of a genetic
mutation in the genes can snowball into Alzheimer’s disease.
In short, when the APP, PS1, or PS2 gene mutates, amyloid-
beta 42 is overproduced, which leads to a build-up and plaque
formation. From there, the plaques start interfering with
neurological activities, blocking neurons and intercepting
messages. This is the commonly presumed pathway to
the development of Alzheimer’s dementia (Figure 1) [2-5].
Alternate theories have suggested a much more complex
etiology of disease development and progression [6] redefining
a movement away from the amyloid cascade. As most cases
of AD (> 95%) occur as sporadic AD, there are many triggers
associated with genetic risk, environmental pressure, and
multifactorial pathways to cognitive impairment. Amyloid-
beta clearly represents a diagnostic feature of AD if not a role
in etiology. The success with targeted antibodies has renewed
enthusiasm for the amyloid cascade hypothesis.
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Figure 1: Amyloid Cascade Hypothesis. The Amyloid Cascade Hypothesis proposes

the order of steps that eventually lead to dementia. Adapted from citron [2] (2004).

Targeting amyloid-beta

As mentioned before, Amyloid-beta is widely accepted as
one of the main features, if not a main cause, of AD. This led it
to become a main focus within the scientific community on the
mad hunt for a cure. Because of the surge in interest targeting
amyloid-beta, there has been a plethora of strategies that have
resulted. Various conformations of amyloid-beta eventually
lead to plaques being formed, and each one of the strategies
that have been trialed implements a different method to attack
the amyloid-beta, targeting different conformations.

Vaccines

One of the more obscure strategies was an emphasis on
developing a vaccine. One of the first trials took place in 1999.
The transgenic PDAPP mouse develops many of the same traits
of Alzheimer’s disease, including the building up of amyloid
plaque. Clinical trials showed that when younger mice were
immunized with 42-amino-acid, which is the amino acid they
identified as a main contributor to the build of amyloid plaque,
there was a significant reduction in amyloid plaque later on in
life. They also observed a smaller, but still significant, decrease
in the plaque in mice they had immunized later in life [7]. This
huge success launched the vaccine, now called AN-1792, into
human trials; however, the results from the trials were less
impressive. The clinical trial was abruptly halted when they
noticed a rise in aseptic meningoencephalitis [8]. Despite the
huge success found in trial mice, AN-1792 only produced a rate
of 20% in the immune response to amyloid-beta. Follow-up
trials on patients who received the vaccine were noted to see
a decrease in amyloid plaque in patients who had an immune
response; however, it is important that not all of the patients
who received the vaccine had a substantial immune response.
It’s also noted that the limited number of patients (n = 22)
involved in the trial and limited knowledge at the time of the
trial might have led to patients receiving the vaccine who
initially were not predisposed to Alzheimer’s disease, therefore
skewing the results [8,9].

Due to the perceived failure of the AN-1792 vaccine,
minimal trials were conducted until last year when a Japanese
study worked to immunize mice against senescent cells
expressing Senescence-Associated Glycoprotein (SAGP) [10].
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SAGP is largely affiliated with old-age diseases, one of which
the study was targeting was Type II diabetes. An unexpected
outcome of this trial was the immune response from the
vaccine, which also targeted overexpressed glial cells in
the brains of patients with Alzheimer’s disease. Mice who
received this vaccine showed a reduction in amyloid plaques
compared to those who received the placebo. The immunized
mice also showed a decrease in abnormal behaviors related
to Alzheimer’s disease, which is something that the AN-1792
vaccine was unable to accomplish [11]. This vaccine is still in
the works, and major studies involving human trials have not
been released. The limited success in amyloid removal has
stimulated new interest in vaccine technology [12]. There are
currently seven U.S. clinical trials underway utilizing vaccines
to target amyloid-beta (ClinicalTrials.gov). Unfortunately,
there are no comparison studies to review vaccine-related
therapies versus antibody therapy for the reduction of amyloid
plaques or the progression of disease.

Passive immunotherapies

Other more passive immunotherapies have put a massive
spotlight on Alzheimer’s disease. Two new medications,
Lecanemab and Aducanumab, target amyloid-beta and made
headlines when they were both recently approved by the Food
and Drug Administration (FDA). Despite there being numerous
drugs in the process of clinical trials, the three forerunners of
this race, Lecanemab, Donanemab, and Aducanumab, all utilize
different mechanisms that attack the different stages of plaque
buildup (Figure 2) [13-15].

Lecanemab was the most recent Alzheimer’s disease drug
to be approved by the FDA. So far, it has proven to be more
effective than Aducanumab, as well as having decreased side
effects [16-18]. Lecanemab uniquely targets the formation of
amyloid plaques rather than removing them. This monoclonal
antibody binds to amyloid-beta soluble protofibrils. This
bonding blocks plaques from forming. Clinical trials reveal that
Lecanemab showed a promising 72% reduction in Alzheimer’s
disease progression compared to the placebo [17].

Donanemab is the only leading Alzheimer’s disease drug
in this class still in clinical trials that does not have FDA
approval. Unlike Lecanemab, Donanemab targets the plaques
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Figure 2: Mechanisms of different drugs. Different stages of amyloid plaque

formation are attacked and removed by different drugs.
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themselves, binding to the N-terminal of stable amyloid
plaques. This is significant because it tackles the problem
that the immune system doesn’t recognize amyloid plaques
as a threat. However, once Donanemab binds to the terminal,
it signals the immune system to eliminate the plaques [19].
Donanemab’s biggest problem is how quickly the body forms
anti-donanemab antibodies and its high development rate of
Amyloid-Related Imaging Abnormalities (ARIA). Still, despite
all of this, Donanemab still performed a 35% decrease in
the progression of Alzheimer’s disease and 68% of patients
participating in a 76-week trial saw a decrease in amyloid
plague build-up [19-21].

While both Lecanemab and Donanemab target specific
conformations of amyloid plaque, Aducanumab targets multiple
stages, binding to the residues 3-7, which is an epitope exposed
in all conformations of amyloid-beta. It shows a high affinity
to bind to oligomers, insoluble fibrillar, and amyloid plaques.
This allows Aducanumab to not only attack plaques that have
already formed but also prevent them from further forming.
Through binding to this epitope, Aducanumab significantly
increases the phagocytosis of the amyloid-beta complexes
[22]. In Aducanumab, the final trial showed a promising 71%
reduction in brain amyloid compared to the 4% shown in the
placebo (Figure 3) [13].

Multiple trials are underway for each of these products.
Cummings, et al. [23] provided an excellent review of the
most recent drugs and trials for the anti-amyloid monoclonal
antibodies. Table 1 (adapted from Cummings ref. 23)
summarizes the FDA Phase II//III trials that have led to the
approval process for Aducanumab [16,24-27] and Lecanemab
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[17,28] as well as the application process for Donanemab
[21,29-33]. Aducanumab has completed a Phase I trial utilizing
a subcutaneous dosing regimen which would illuminate the
need for IV infusion. This was a small safety trial (n = 28),
but the beginning of a process to look for easier forms of drug
delivery which offers significant advantages to the patient and
caregiver.

Photo-oxygenation

An additional strategy that specifically targets amyloid
plaques is photo-oxygenation. Many of the immunotherapies
listed above are larger molecules that have difficulty penetrating
the semi-permeable barrier to the brain. Because of this, none
of the aforementioned strategies have a very efficient delivery.
This is why a small photocatalytic molecule called a BAP-1-
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Figure 3: Mechanism of aducanumab. Aducanemab attaches to amyloid-beta

which promotes removal of amyloid that haven’t formed plaques. Aducanemab also
attaches to plaques and triggers an immune response to remove those plaques.

Table 1: Anti-amyloid monoclonal antibody pharmaceutical clinical trials (data obtained from ClinicalTrials.gov).

Agent Trial NCT Phase Status
Aducanumab os\(;ggl_l\ylfg Il Terminated
Aducanumab OIEZS(ZZZ(:EO 1l Terminated
Aducanumab O;Ji;lgg 1 Terminated
Aducanumab 0:;;1\(;?(8 b Active, not recruiting
Aducanumab 02782975 | Completed

Lecanemab 5953\7(321011 13} Active, not recruiting
Lecanemab Ccll_isREi‘T'?(SASD 1} Active, not recruiting
Lecanemab A(IJ-|4:A6I§63525 1l Recruiting
Donanemab TRAI(I).?33L6A724::—ALZ I Completed
Donanemab TRAII?I:I?ASZE::ALZ 2 11l Active, not recruiting
05026866
Donanemab TRAILBLAZER-ALZ 3 1} Recruiting
Donanemab TRAII?BT:?E;—ZALZ 4 1l Active, not recruiting
Donanemab TRAII?BSLSAO;:?ALZ 5 1} Recruiting
Donanemab 05738486 1l Recruiting

TRAILBLAZER-ALZ 6

No. of Participants

Outcome

52 Discontinued based on a futility analysis conducted on phase

11l trials
1653 Discontinued based on futility analysis
1638 Discontinued based on futility analysis, a larger dataset found
EMERGE met both primary and secondary endpoints
1696 Data under review estimated completion 8/2024
28 Proof of concept
856 FDA Accelerated approval
1795 FDA Standard approval
1400 Data under review, estimated completion 10/2027
972 68% of participants showed a decrease in amyloid-beta, an
extended trial TRAILBLAZER-EXT is underway with 90 enrollees
1800 Slowed rate of cognitive decline by 35%
3300 Enrolling, estimated completion 11/2027
200 Completed 9/2023, data under analysis
1500 Enrolling, estimated completion 6/2027
800 Enrolling, estimated completion 5/2025
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based catalyst was developed. This catalyst only reacts when
exposed to light and then attaches oxygen to the amyloid-
beta, which reduces the neurotoxicity of the plaques [34].
What makes the photocatalyst unique is its high permeability
across the blood-brain barrier, which increases the delivery
efficiency when compared to other immunotherapies. This is
a novel technique that is still in the process of development;
however, it has been shown to be a faster process than other
immunotherapies. This is still a strategy in the very early stages
of development, and while the decrease in amyloid plaques in
mice has been observed, it still has not moved on in human
clinical trials [35] (Figure 4).

Cost VS. benefit analysis

There has been a lot of controversy surrounding passive
immunotherapies and their rushed FDA approval. The main
issue surrounding them is the huge price tag associated with
them, especially Aducanumab. Aducanumab’s estimated
price is as high as $84,000 (USD) annually, not including the
extraneous costs such as travel to the hospital every four weeks
to be administered and the follow-up MRIs that patients must
undertake. However, the most likely projected cost will be an
additional $56,000 annually. This number can be considered
compared to other AD medications, such as Donepezil ($80
annually) and Memantine ($250 annually). While both of
these medications only work to treat symptoms of AD rather
than to stop the progression or even reverse the progression
as Aducanumab promises, the price differences are striking
(36,37].

A Markov state-transition model was conducted on
Aducanumab to address the cost-efficiency of the drug. They
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Figure 4: Mechanism of photo-oxygenated clearance of amyloid-beta. Both

Processes use lysosomes to clear away amyloid-beta; however, oxygenated
amyloid-beta is much more unstable and clears faster.
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estimated that the willingness to pay value was 100,000/QALY.
Basically, this means that for every quality-adjusted life year
(QALY) gained through treatment, patients would be willing to
pay $100,000. Compared to the standard at-home care received
by most mild cases of AD, treating mild AD for five years with
Aducanumab would cost $§383,080/QALY, significantly over the
$100,000/QALY threshold estimated that most people would
pay. Through calculations, it was estimated that the cost of
moderate to severe AD would have to be more than $209,720
annually for the $56,000 price tag to be worth it. In addition,
to meet the $100,000 threshold, Aducanumab would have to be
priced at $22,800 annually [36].

Lecanemab is not much better, estimated to cost $26,500
annually. While conducting a similar study on comparing
Lecanemab to normal at-home care, the Institute for Clinical
and Economic Review (ICER) concluded that Lecanemab would
have to be roughly between $8,900 — $21,500 per year in order
to achieve the threshold that most consumers would hold the
benefits gained from receiving Lecanemab as treatment [38].
ICER also compared the effects Lecanemab pricing would
have not only through a healthcare sector perspective but also
through a modified societal perspective. This perspective lowers
the quality-adjusted years gained through the normal at-home
care most AD patients receive because it also considers the
quality of life that is reduced for the caretaker. When taking the
burden of care on families into account, the difference between
the cost-effectiveness of Lecanemab and normal supportive
care does lower; however, it doesn’t lower it enough to make
Lecanemab’s current listing price worth the benefits gained.

However, when assessing cost from an overall standpoint,
these medications might save the healthcare system billions
of dollars. With the rising rates of AD appearing in the older
population, the US healthcare system is being strained to take in
the influx of patients. The cost of AD on the healthcare system
is nearing $1 trillion, putting a heavy economic burden on
society [1]. While these anti-amyloid-beta drugs haven’t been
on the market long enough to see the effects on the economy,
studies previously done of other AD drugs, such as memantine,
show that the total cost to society actually decreased [39].
This decrease occurs for various reasons, including fewer
hospitalizations due to AD and an increase in caretakers’ ability
to take on jobs. A true cost/benefit analysis cannot be performed
since a reduction in the progression of disease is difficult to
adjust on a cost accounting model as it only presumes that
there is a decreased burden on the healthcare system. Moving
towards a subcutaneous formulation of these drugs may further
reduce costs theoretically by avoiding the need for scheduled
infusions, provided the cost of the drug remains the same.
Unfortunately, it is common for different dosing formulations
to be provided at different costs which may negate the positive
financial impact of a home subcutaneous dosing strategy.
However, from a practical standpoint, the economic impact
of AD on our society is real, its negative psychological effect
on family/caregivers and the loss of function/joy from the
patients certainly warrants a continued clinical investigation
and development of novel treatments for this disease, albeit

currently at a fairly high drug cost.
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Conclusion

Alzheimer’s disease is a complex disease with a very poorly
understood etiology and many failed treatments [40,41].
The past few decades have seen major leaps in treatment
development, especially in disease modification, such as
targeting amyloid plaques; however, there is plenty of room
to grow. Many of these strategies can only be fully effective
if they are administered in the early stages of Alzheimer’s
disease. This challenges scientists to discover more effective
measures to identify early signs of AD or the possible use of
genetic testing for those predisposed to AD. Looking towards
the future, scientists will look for more ways to combat this
horrible disease and identify the etiology of its development.
The true impact on society will be difficult to measure
scientifically, but measured clinically in productive years of life
and a decreased reliance, for a time, on advanced levels of care
(i.e. assisted living, nursing home, and in-home caregivers).
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