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ABSTRACT OF THE DISSERTATION 

 

Application of triangular trimers derived from Aβ to create antibodies for immunohistochemical 

studies and as vaccines against Alzheimer’s disease 

 

by 

Chelsea Marie T. Parrocha 

Doctor of Philosophy in Pharmaceutical Sciences  

University of California, Irvine, 2023 

Professor James S. Nowick, Chair 

 

 

To understand and treat Alzheimer’s disease (AD), we need to understand the structures 

of the Aβ peptide aggregates that cause neurodegeneration. In this dissertation, I address this 

need by applying triangular trimers derived from Aβ to create antibodies for 

immunohistochemical studies and as vaccines against AD. Chapter 1 outlines the exponential 

growth of people who will live with AD and current therapies to alleviate symptoms or slow 

down the progression of AD. Here, Chapter 2 demonstrates the application of a conformationally 

defined Aβ-derived peptide (the 4AT-L trimer) to better understand the composition of Aβ 

pathology in people who lived with Late-Onset Alzheimer’s disease (LOAD). Chapter 3 expands 

on the subject of current peptide vaccines and immunotherapies against AD by discussing the 

composition of each therapy, the current state of clinical trials, and the possible future of these 

therapies. Chapter 4 demonstrates how a structurally defined Aβ antigen may be useful in 

treating AD-like symptoms in mice. Chapter 5 shows preliminary work demonstrating the 

recognition of pathology in people who lived with Down Syndrome and Alzheimer’s disease 
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(DSAD). Lastly, Chapter 6 discusses the conclusions collected from the previous chapters and 

lists future directions that can be pursued by junior members of the Nowick Group. 

This body of work is one of the earliest collections of studies in the Nowick Group which 

provides a biological and therapeutic application to structurally defined triangular trimers 

derived from Aβ. Additional studies exploring the biological and therapeutic application of 

trimers of Aβ and associated antibodies will continue to address the need to understand the 

structures of the Aβ peptide aggregates that cause neurodegeneration. These efforts will 

contribute to a better understanding of neurodegeneration and develop therapies to slow down 

the progression of AD. 

 

 

 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 

Chapter 1 



 

 
2 

 

INTRODUCTION 

 
A therapy to slow down the on-set and progression of Alzheimer’s disease (AD) is an unmet 

need of our time. 

 Alzheimer’s disease (AD) is the 7th leading cause of death in the United States; it is 

predicted that by 2060, 13.8 million people will be diagnosed with AD in the United States alone.1,2 

This is a 122.8% increase from the estimated 6.5 million people with AD in 2021.1 AD is a disease 

that not only impacts the person living with the disease but also their loved ones and society. The 

total cost of caring for people with AD was expected to reach 321 billion USD in 2022 and does 

not account for the 272 billion USD in unpaid caregiving.1  

Due to an aging population and increased lifespan, AD is an exponentially growing disease 

and it is imperative that we invest time and resources to slowing disease progression and if not 

curing the disease. Recent data suggest that within the year of serving as a caregiver 60% of 

individuals were employed with 18% of them reducing their hours due to caregiving, averaging 

35 hours of non-caregiving per week.1,3 41% of caregivers have an income of $50,000 or less 

which does not cover the total lifetime cost of ca. $412,936 to care for a person living with AD in 

2022.4  

Current therapeutic approaches alleviate symptoms with traditional pharmacology. 

 Behavioral and psychological symptoms of AD greatly impact the quality of life of people 

who live with AD and include memory and cognitive impairment, apathy, delusions, anxiety, 

depression, and hostile agitation.5–11 The first FDA-approved therapies approved in the mid-to-late 

1990s to alleviate these symptoms of AD were small molecule neurotransmitter inhibitors. 
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Cholinesterase inhibitors (donepezil, galantamine, and rivastigmine), as well as the N-methyl-D-

Aspartate (NMDA) receptor antagonist (memantine), make up the standard of care for AD over 

the last 30 years.12,11 Other small molecules have been designed to treat symptoms of AD. In 2022, 

suvorexant (Merck) an orexin receptor antagonist, was FDA-approved for treating sleep disorders 

of people with AD.13 Blarcamesine, an intracellular sigma-1 chaperone protein agonist, is in Phase 

2/3 clinical trials and has demonstrated memory-preserving effects in preclinical trials14,15. The 

approach of repurposing of small molecules for other psychiatric and neurological diseases has 

been a focus of clinical trials to alleviate AD symptoms. In a phase 3 clinical trial, Ritaline, 

typically used to treat ADHD, was shown to be a safe and effective treatment for apathy in people 

with AD.16 Clinical trials have also been focused on disease-modifying small molecules. Such 

molecules have been targeting mechanisms of action involved in the progression of AD such as 

oxidative stress, proteostasis, inflammation/immunity, and metabolic/bioenergetics.17 There have 

also been small molecules targeting proteins and peptides, namely beta-amyloid (Aβ) and tau, that 

contribute to AD disease progression. Below is a Table 1.1 shows current Phase 3 small molecule 

candidates targeting Aβ and Phase 2 and 3 clinical trial candidates targeting tau .  
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Table 1.1 

Current small molecule clinical candidates targeting Aβ and tau 

Name 

 

Sponsor Purpose Mechanism of 

Action 

Clinical Trial Status 

ALZT-OP1 AZTherapies, 

Inc. 

Decrease amyloid production 

and inflammation 

Promotes microglia 

recruitment and 

phagocytosis of Aβ18 

Phase 319 

Simufilam Cassava Sciences Decrease amyloid 

accumulation, tau 

phosphorylation and 

neuroprotective   

Binds to filamin 

which interacts with 

soluble Aβ and 

triggers tau 

phosphorylation and 

synaptic 

dysfunction20–22 

Phase 323 

ALZ-801 Alzheon Inc. Inhibits Aβ42 aggregation24,25 Aβ inhibitor Phase 326 

LY3372689 Eli Lilly and 

Company 

Inhibitor of the O-GlcNAcase 

(OGA) enzyme to prevent 

formation of nonpathological 

form of tau27,28 

Interferes with post 

translational 

modification of tau 

Phase 229 

AGB101 AgeneBio, Inc. Inhibition of the synaptic 

protein SV2A30  

Attenuates 

hippocampal 

overactivity  

Phase 331 

LMTM TauRx 

Therapeutics Ltd. 

Blocks and disrupts tau-tau 

interactions32 

Tau inhibitor Phase 333 

 

While there are promising small molecule candidates in clinical trials, 5 and 22 candidates (against 

tau and Aβ, respectively) have already been discontinued.34 Failure of these clinical candidates 

may be due to the lack of understanding of the structure and function of the peptides and proteins 

responsible for the pathogenesis and progression of AD. 

The molecular basis of AD still remains unknown.  

AD is one of the five major forms of dementia.35 A common trait of these different forms 

of dementia is their association with peptide or protein accumulation, which are suspected to 

impact disease progression—these diseases are called proteinopathies.36 Due to mixed pathologies,  

behavior and psychiatric symptoms tend to overlap; this makes identifying different causes of 



 

 
5 

dementia. Although the heterogeneous nature of pathology has made establishing a concrete 

diagnosis and drug targets for specific forms of dementia challenging, studying the structural and 

physical properties of these pathologies has allowed us to insight into the molecular basis of these 

neurological proteinopathies.         

 Two important peptides and proteins in the pathogenesis and progression of AD are Aβ 

and tau; these have served as clinical markers to distinguish AD from other forms of dementia.37 

The Aβ hypothesis,  a driving force in AD research, posits that the accumulation of extracellular 

Aβ monomers self-assemble to form β-sheet fibrils that aggregate to form plaques.38,39 Aβ is a 

cleavage product of the single-pass transmembrane protein amyloid precursor protein (APP). The 

membrane-bound enzyme, β-secretase cleaves APP creating a 99 amino acid C-terminal fragment 

of APP called C99. 𝛾 -secretase then processes C99 at cleavage sites yielding isoforms of Aβ with 

fragments 40 to 42 amino acids long as the most common isoform (Aβ40, and Aβ42).11,38–40 Aβ can 

be further processed yielding peptides such as pyroglutamate and isoaspartate modified Aβ 

contributing to the heterogeneous peptide pool contributing to AD progression.41 The Aβ cascade 

hypothesis further states that the accumulation of Aβ can drive tau hyperphosphorylation and thus 

increase the spread of pathology leading to death.42,43 Tau is a microtubule-associated protein 

(MAP) essential for stabilizing microtubules for cell processes.43,44 Unlike Aβ, tau is a significantly 

larger molecule ranging from 352-441 amino acids and six isoforms.45 When 

hyperphosphorylated, tau is liberated from the microtubules, which disassembles, and the tau 

aggregates into paired helical filaments (PHF) and then neurofibrillary tangles (NFT).44,46 Similar 

to Aβ, tau can be further processed by glycosylation and ubiquitination, contributing to the peptide 

and protein heterogeneity of AD.27        

 Inflammation of the brain, caused by the accumulation of Aβ and tau, is a central 
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mechanism in AD and there has been considerable discussion of defining AD as an innate 

autoimmune disease.47–49 Inflammation is the result of a disturbance (i.e. an injury or infection) in 

the balance between pro-inflammatory and anti-inflammatory signaling. In the case of AD, brain 

inflammation is triggered by the presence of Aβ which activates microglia as microgliosis occurs, 

more cytokines are released thus inflammation continues to perpetuate.      

 Accumulation of Aβ in the cerebral vasculature of people living with AD exacerbates 

inflammation and compromises the structural integrity of blood vessels in the brain. This form of 

Aβ accumulation in cerebral blood vessels is called Cerebral Amyloid Angiopathy (CAA). The 

resulting collection of Aβ in the blood vessels of the brain reduces Aβ clearance, diminishes the 

structural integrity of the blood vessels, and ultimately exacerbates AD pathology. In the context 

of immunotherapies, CAA is especially problematic as pre-existing CAA is exacerbated. This 

results in Amyloid Related Imaging Abnormalities (ARIA) which can be classified as cerebral 

edema (ARIA-E) or cerebrovascular hemorrhages (ARIA-H).50 

 By understanding the molecular underpinnings of the physiological symptoms of AD and 

the causative peptides and proteins, we can better design tools and therapies to understand the 

disease and help treat people living with AD. Efforts towards developing diagnostic tools have 

been built upon the field’s current understanding of AD and have yielded promising tools to better 

diagnose and treat AD.  

Histology is the workhorse of studying AD. 

Post-mortem histology studies on the brains of people who lived with AD were the 

original experiments that built the foundation of AD research. In 1906, Alois Alzheimer reported 

his observations on the behavior and post-mortem histology of his former patient Auguste D.51,52 

By staining brain sections of Auguste D. with Bielschowsky’s silver stain, Alzheimer observed 
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the presence of plaques and neurofibrillary tangles, which we know today as Aβ plaques and tau 

tangles. 51,52 Histology techniques used during Alzheimer’s life, modern histology techniques, 

biochemical assays, and brain donations of people who lived with AD have elucidated the 

composition of these pathologies and enhanced our understanding of the pathogenesis and 

progression of AD.           

 Aβ and tau pathologies are the accumulation of causative peptides and proteins that can 

appear before cognitive symptoms, which makes them intriguing to better understand their role 

in AD.37 Aβ deposits can be seen in the brains of people who lived with AD as diffuse plaques, 

cored plaques, and neuritic plaques. Aβ plaque accumulation is extracellular with Aβ42 as the 

dominant isoform in plaques which may be due to the additional two amino acids increasing the 

peptide’s propensity to self-assemble.
53–55       

 Diffuse plaques (also referred to as senile or nonfibrillar plaques) are defined as non-

fibrillar (Figure 1.1 A). They are particularly large with a cross section of 10-100 microns56 or 

sometimes 50 to several hundred;57 no fibral center (dense core) or dystrophic neurites but rather 

have intact neurons;45 tend to lack margins or have structural boundaries58 (some have referred to 

this as “amorphous”).53 Diffuse plaques are not recognized by Thioflavin-S and not associated 

with glial responses such as microglia and astrocytes;53they are present in people that are 

cognitively normal at the time of death56, therefore, not used clinically for pathological diagnosis 

of AD;53 and is typically the first step in graduate deposits, but can also appear during any stage 

of Aβ deposition.59,60   

Neuritic plaques are defined as containing abnormal tau deposits and dystrophic neurites 

with or without a dense core (Figure 1.1 B).56,59,61 Any other plaque without tau deposits can be 

considered standard plaques defined by their morphology (Figure 1.1C). The presence of tau in 
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this accumulation of Aβ is one of the many pieces of evidence that supports the synergistic 

interaction between tau and Aβ.58 A semiquantitative analysis of the presence of these plaques is 

associated with cognitive impairment, consequently these plaques are significant to AD 

diagnosis. Typically, neuritic plaques can appear in two forms, dense deposits of Aβ or cored 

plaques.  

Cored plaques (also known as dense-core plaques or corona plaques) are well defined by 

the presence of a fibrillar, β-sheet-pleated dense core comprised of Aβ42
56 surrounded by Aβ 

oligomeric halos45,57 and swollen axons and synaptic terminals otherwise known as dystrophic 

neurites 45,57,62. Unlike diffuse plaques, cored plaques are recognized by Thioflavin-S, have 

defined structural boundaries, and tend to be 30 to 100 microns cross-sectionally.56 Cored 

plaques are also defined by the presence of activated microglia and reactive astrocytes 

surrounding the core of the plaque56–58,62. This anatomical feature of the cored plaque may 

indicate the cellular Aβ clearance of this plaque (Figure 1.1 D).59 Aβ also accumulates in vessels 

in the brain and forms CAA. As Aβ (mostly Aβ40 ) is secreted by cells during Aβ clearance, it is 

collected in the fluid-filled space surrounding cerebral blood vessels (also known as the 

perivascular space) of the brain (Figure 1.1 E).61,63 Aβ then aggregates in cerebral vessels, which 

may be a result of Aβ40 binding to fibrinogen in the walls of the vessels and inducing the 

accumulation of Aβ40.
56,58 As Aβ continues to be cleared by the flow of interstitial fluids, the 

peptide accumulates in the lining of blood vessels and clearance of Aβ slows down.64 Severe 

cases of CAA exacerbate AD progression by activating oxidative stress, inflammatory factors, 

cell toxicity, the structural integrity of the blood-brain barrier, and ultimately life-threatening 

hemorrhages.62,63     
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Figure 1.1. Artistic representations of Aβ pathology. All plaques and Aβ are shown in brown. 
(A) Shows a diffuse plaque containing intact neurons (blue). (B) Shows three kinds of neuritic 

plaques including a dense plaque (top), plaque without a dense core (bottom left), and dense core 
plaque (bottom right) all containing dystrophic neurites (blue) and tau (pink). (C) shows standard 

plaque morphologies such as a standard dense plaque (top), a standard plaque without a dense 
core or a standard diffuse plaque (bottom left), and a dense core plaque (bottom right). (D) shows 
a cored plaque with dystrophic neurites (blue), microglia (orange), and astrocytes (green). (E) 

shows a cerebral blood vessel slowly accumulating Aβ between the vessel wall and smooth cells 
(left) and the resulting compromised blood vessel leading to hemorrhages upon continued 

accumulation of Aβ (right). The figure was designed by Chelsea Marie T. Parrocha and created 
with BioRender.com. 

 

Tau NFTs can be seen in the brains of people who lived with AD as paired helical 

filaments, ghost tangles, and neuropil threads.45,62,65 Tau accumulation is typically intracellular 

and the pathology is defined by the accumulation of the hyperphosphorylated protein in the 

cytoplasm of the neuron.57,46          

 Neuropil threads are defined as phosphorylated tau, that form paired helical filaments 

(PHF) and accumulate in the dendrites of neurons and intermix within cell bodies (Figure 1.2 

A). They are one of the earliest forms of tau accumulation and interact with the accumulation of 

Aβ neuritic plaques.57 Dystrophic neurites are early accumulations of intracellular PHF in the 
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cell body of neurons (Figure 1.2 B).53,57         

 Ghost tangles occur in the latest stages of AD, extracellular accumulations of tau NFTs 

and are the result of neuronal death. Once the cell dies, the NFTs maintain the shape of the 

neuron (Figure 1.2 C). They are characterized by loss of the C-terminal of tau and a cluster of 

neurites.57 Unlike Aβ, tau accumulation is closely associated with cognitive impairment and can 

be used as a more accurate biomarker for diagnosing AD.45       

 

Figure 1.2. Artistic representations of tau pathology. All tau pathologies are shown in shades of 

pink or purple. (A) Shows neuropil threads in the dendrite of a neuron. (B) Shows dystrophic 
neurites in the body of a neuron. (C) Shows the product of ghost tangles. The figure was 

designed by Chelsea Marie T. Parrocha and created with BioRender.com. 

 

The presence of Aβ and tau pathology is and continues to be an essential biomarker for 

AD research and diagnosis. The ATN model uses Amyloid Tau and Neurodegeneration 

pathology as a guideline to better define and diagnose people with AD and provide personalized 

treatment plans.37 The majority of neuropathological investigations rely on stains and dyes that 

were used since the time of Alois Alzheimer and have continued to build the knowledge of AD 

pathology and how they impact the molecular basis of AD. Innovations of additional 

histochemical and fluorescent techniques have been applied to further characterize the 

pathologies observed in AD to support what has been established by stains and dyes.    
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Antibodies have become an essential tool to understand the molecular basis of AD.  

 Antibodies as a tool have greatly enhanced the understanding of AD. Since the time of 

Alois Alzheimer, traditional stains such as Thioflavin-S and Congo Red have been the workhorse 

of identifying pathology in the brains of people who lived with AD.66 Staining brains of people 

who lived with AD anti-Aβ antibodies have been developed as additional tools in neuropathology 

to gain a greater molecular understanding of Aβ pathology.      

 Antibodies used for immunostaining provide high specificity for tissue targets and provide 

insight into structure-function relationships and protein-protein interactions within tissues.67 

Polyclonal antibodies are from sera extracted from the blood of immunizing animals with an 

antigen; this serum is produced from different B-cells that produce individual antibodies that have 

an affinity for several different regions on similar targets, or epitopes.67,68 Polyclonal antibodies 

were primarily used for immunostaining until advances in recombinant DNA technology yielded 

the discovery of the hybridoma technique and therefore monoclonal antibodies.69,70 Monoclonal 

antibodies are produced from a single B-cell and recognize a specific epitope.70 After animals are 

immunized the B-cells are isolated by splenocyte extraction followed by fusion with an immortal 

myeloma cell line. These hybridomas are then cultured and undergo multiple selection processes 

to isolate monoclonal antibodies70.         

 Generating antibodies against conformations of pathologic Aβ is an active area of research 

in the AD field. Although current conformation-defined Aβ antibodies, such as the A11 polyclonal 

antibody, are generated with structurally undefined Aβ and this tool has provided the AD research 

community with a deeper understanding of the molecular basis of Aβ plaques. My efforts in 

developing a polyclonal antibody against a structurally defined Aβ will be covered in Chapter 2. 
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Further development of antibodies not only enhances the tools used to research AD, but also holds 

the promise to develop immunotherapies against AD. 

There are few successes and many failures of monoclonal immunotherapies and peptide 

vaccines. 

The last two years of AD research have been called a “renaissance for Alzheimer’s disease” 

which is attributed to the recent positive developments in AD immunotherapies.71 Inspired by the 

design of vaccines against infectious disease and cancer immunotherapies, research on designing 

AD immunotherapies rose as a dominant therapeutic area against AD since the late 90s and early 

2000s.36 AD immunotherapies have focused on either creating a peptide vaccine (active 

immunotherapy) or monoclonal antibody infusions (passive immunotherapies). Ultimately, this 

clearing of AD pathology by these immunotherapies is suspected to slow down the progression of 

AD—a result that was announced November 29th, 2022.72 In Chapter 3, I will discuss the current 

peptide vaccine and immunotherapy approaches against AD.  

Current AD immunotherapies have a limited approach to designing antigens for the 

development of peptide vaccines and immunotherapies. One of the most limited scopes of research 

includes the fragment of Aβ and tau in peptide vaccines. Because of the propensity for these 

amyloidogenic peptides to aggregate, the conformation of the peptide is unknown which could 

explain the failed clinical trials of peptide vaccines against AD. In Chapter 4, I discuss efforts 

toward a novel peptide vaccine testing four conformationally defined Aβ-derived peptides in 

transgenic AD mice demonstrating the significance of creating an AD peptide vaccine with a well-

characterized peptide.  
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Researching with people with Down Syndrome and AD (DSAD) may help design better 

therapies. 

 AD is neurodegenerative proteinopathy that develops with aging and can be genetically 

inherited. The apolipoprotein gene (APOE) is a genetic risk factor that is associated with the 

onset of AD.11 Other genetic mutations that are predictors of AD include familial AD mutations 

(FAD). These autosomal dominant mutations, namely mutations in the genes for the amyloid 

precursor protein (APP), and presenilin 1 and 2 (PSEN1, PSEN2) are associated with early onset 

AD in people being diagnosed from as early as 30 years old to having AD by 40 years old.73 

Another genetic form of AD is developed in people who live with Down Syndrome.   

 Down Syndrome (DS) is a genetic disease that includes an extra chromosome 21 (hence, 

Trisomy 21), and therefore people with DS gain an extra copy of the APP gene. This addition of 

APP increases the deposition of AD in people with DS (DSAD), including advanced Aβ 

accumulation in their teens, microgliosis, astrocytosis, and tau tangles.42 Although people with 

DSAD share disease, they have many pathological differences with people with sAD including 

the accumulation of Aβ pathology.         

 By 40 years old, people living with DS dramatically accumulate Aβ which contributes to 

unique pathology.74 Aβ plaque density is much higher in people with DSAD. Soluble Aβ, which 

is suspected to be the toxic species of Aβ in AD, is elevated in people with DSAD as well as 

incidences of CAA.75,76 Recent reports on new pathology, namely bird’s-nest plaques and coarse-

grained plaques, are associated with DSAD and are also tied with early onset AD (EOAD).56,77 

The authors hypothesize that the presence of these plaques in sulcal depths and associated with 

CAA demonstrates unique plaque pathogenesis in DSAD and EOAD.77 Because people living 



 

 
14 

with DS have a set temporal onset and progression of AD, learning from this population of 

people can enrich the understanding of AD in the general population.    

Characterizing unique pathology in people who lived with DSAD with pAb4AT-L may 

provide further insight into the molecular composition of plaques. In Chapter 5, I discuss my 

preliminary work toward characterizing the polyclonal antibody created in Chapter 2 (pAb4AT-L) 

on brain slices from people who lived with DSAD. Asides from my preliminary work, I describe 

the additional experiments needed to complete this body of work.  

Connecting the structural basis of causative peptides and proteins in proteinopathies like AD 

is an unmet need. 

The brain and the molecular basis of AD remain an enigma. Investigating the structural 

properties of a causative species of AD could lead to a better understanding of the function of these 

species and ultimately the molecular basis of AD. Having a better understanding of AD allows 

more insight into how to care for people living with the disease. Further research into causative 

peptides and proteins of AD may lead to the development of better therapies to alleviate symptoms, 

slow disease progression, and possibly prevent AD for the predicted 13.8 million people by 2060 

who might suffer from this neurological proteinopathy. In this body of work, I describe my efforts 

in establishing the biological relevance and application of four of the Nowick Groups’ 

biophysically characterized model systems for studying Aβ oligomers. I have shown that pAb4AT-

L is a tool that supports the model of cored plaques serving as reservoirs for Aβ oligomers to elicit  

neurotoxicity. I have also shown that a peptide vaccine made from 2AT-L demonstrates that in a 

mouse model system for Aβ oligomers appears to rescue anxiety-like and fear-based memory but 

does not reduce pathology. These studies are examples of the Nowick Groups’ efforts to address 

the unmet need to connect structural biology to AD's progression and pathogenesis.  
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Chapter 2a 

 

Antibodies generated from a triangular trimer from Aβ 

recognize cored and neuritic plaques in brain sections of 

people who lived with late-onset Alzheimer’s disease 

Abstract  

Oligomers formed by the beta-amyloid peptide (Aβ) are involved in the neurodegeneration 

of Alzheimer’s disease (AD). Although valuable as tools to identify Aβ oligomers, conformation-

specific antibodies have thus far been generated against less well characterized heterogenous Aβ 

oligomer preparations, leading to uncertainty in their precise epitopes. Our laboratory recently 

reported a structurally defined stable trimer derived from residues 17–36 of Aβ consisting of three 

covalently linked Aβ17–36 β-hairpin peptides that are constrained in a triangular arrangement (4AT-

L trimer). The current investigation reports the generation of a rabbit polyclonal antibody against 

the trimer (pAb4AT-L) and describes its application in the immunostaining of transgenic mouse and 

human brain tissue. Immunofluorescent staining of sections of 5xFAD mouse brain slices reveals 

that pAb4AT-L recognizes cored plaques. Immunohistochemical staining with pAb4AT-L shows that 

more plaques were labeled in brain sections from people with Late Onset Alzheimer’s Disease 

(LOAD) than from people who were cognitively normal. Immunofluorescent staining of brain 

sections from LOAD shows that pAb4AT-L recognizes dense core plaques, neuritic plaques, and 

cerebral amyloid angiopathy (CAA). Features of plaques recognized by pAb4AT-L may represent 

residues 17–36 from the central and C-terminal regions of Aβ in an arrangement or conformation 

 
a This chapter will be submitted to Acta Neuropathologica.   
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that resembles the 4AT-L trimer. The staining of cored plaques by pAb4AT-L suggests that the cores 

of cored plaques are surrounded by Aβ oligomers and supports a model in which the dense cores 

of amyloid plaques are surrounded by a halo of Aβ oligomers. We envision pAb4AT-L will be a 

valuable tool for identifying Aβ plaque composition and providing functional insights into Aβ 

plaque morphology. 

Introduction 

Probes for specific conformations of the beta-amyloid peptide (Aβ) can provide insight 

into the structure and thus the function of Aβ in Alzheimer’s disease (AD). Traditional stains such 

as Thioflavin-S and Congo Red are used to identify Aβ plaques in people with AD, however, they 

do not distinguish between conformations of Aβ.1 Antibodies provide an alternative technique for 

identifying Aβ plaques and other pathologies in the post-mortem AD brain and provide additional 

insights into structure-function relationships and protein-protein interactions relevant to Aβ 

pathology.2–6 

Conformation-specific antibodies targeting specific Aβ pathology have been generated 

against preparations of Aβ oligomers and have proven useful as tools to better understand 

conformations of Aβ and to identify features of plaques in AD brain tissue.7,8 The A11 and OC 

polyclonal antibodies and OC monoclonal antibodies are examples of conformation-specific 

antibodies that recognize Aβ oligomers or soluble fibrils.9–12 The A11 polyclonal antibody was 

generated against a heterogenous and less well characterized preparation of Aβ oligomers, making 

it difficult to understand the precise Aβ oligomer antigen and also led to challenges in antibody 

production.  

Uniform Aβ oligomers are difficult to prepare in vitro, as Aβ oligomers are generally 
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heterogeneous and can further aggregate to form higher-order assemblies. Conventional 

preparations result in mixtures of different species, and it is difficult or impossible to obtain 

reproducible and homogeneous preparations of Aβ oligomers.8,13 A number of conformation-

specific antibodies have been developed against Aβ oligomers that have been characterized by a 

variety of biophysical techniques.7,8,13 Although a number of conformation-specific antibodies 

have been developed against Aβ oligomers that have been characterized by a variety of biophysical 

techniques.7,8,13 conformation-specific antibodies generated against high-resolution structurally 

defined Aβ oligomers are needed .14 

Our laboratory recently reported the structure and assembly of 4AT-L, a stable trimer 

derived from residues 17–36 of Aβ, (Figure 2.1A and 2.1B).15 The trimer consists of three 

covalently linked β-hairpins of Aβ17–36 in a triangular arrangement. X-ray crystallographic studies 

of 4AT-L reveal the structure and conformation of the trimer at atomic resolution (PDB 7JXO). 

Although our laboratory has previously generated trimers and other peptide models derived from 

Aβ,16 the 4AT-L trimer is especially easy to generate and includes much of the central and C-

terminal regions of Aβ. X-ray crystallography, SDS-PAGE, SEC, and cytotoxicity assays 

demonstrate that the 4AT-L trimer behaves in a similar fashion as Aβ oligomers, in that it self-

assembles and is toxic to SH-SY5Y human neuronal blastoma cells.15 In the current investigation, 

we report the generation and characterization of a rabbit polyclonal antibody (pAb4AT-L) against 

the 4AT-L trimer. The pAb4AT-L antibody recognizes cored plaques in brain tissue isolated from 

5xFAD transgenic mice and people with Late Onset Alzheimer’s Disease (LOAD). We envision 

pAb4AT-L as a valuable tool for better understanding Aβ plaque composition and thus the role of 

Aβ in AD.  
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Figure 2.1 (A) X-ray crystallographic structure of the 4AT-L trimer (PDB 7JXO). (B) Cartoon 

of the 4AT-L trimer. (C) Generation of polyclonal antibodies against 4AT-L: Conjugation of 
4AT-L with KLH (keyhole limpet hemocyanin) immunization of rabbits with the KLH-4AT-L 

conjugate, and affinity purification of rabbit serum to afford pAb4AT-L. The figure was designed 
by Chelsea Marie T. Parrocha and created with BioRender.com. 

 

RESULTS  

Generation of the polyclonal antibody pAb4AT-L against the 4AT-L trimer. 

Antibodies against the 4AT-L trimer were generated by standard procedures by Pacific 

Immunology in two New Zealand white rabbits. (Figure 2.1 C, (Supplemental Figure S2.1). 

Briefly, 4AT-L was conjugated to KLH (keyhole limpet hemocyanin) by EDC coupling. The 

resulting conjugate produced a robust immune response (titers of >1:500,000). The polyclonal 

antibody was then isolated by affinity purification of serum on NHS-activated agarose that had 
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been conjugated to the 4AT-L trimer. From 50 mL of serum, we were typically able to isolate 4 

mg of pAb4AT-L. To ensure that we were able to deplete serum of pAb4AT-L, an ELISA was 

performed with the depleted serum against the 4AT-L trimer (Supplemental Figure S2.2). 

pAb4AT-L recognizes pathology in the brains of the 5xFAD mouse model.   

To determine if pAb4AT-L recognizes Aβ in tissue, we used brain slices from the AD 

transgenic mouse model 5xFAD for immunofluorescence microscopy. The 5xFAD mouse model 

contains five familial AD mutations with three Aβ precursor protein mutations including the 

Swedish (K670N/M671L), Florida (I716V), and London mutation (V717I) as well as two 

mutations in presenilin I including M146L and L286V.18 5xFAD mice develop aggressive Aβ 

pathology by four months of age, and the pathology continues to develop as the mice age. The 

rapid increase in pathology and relative homogeneity in Aβ pathology across the brain make the 

5xFAD mouse model ideal for the initial evaluation of pAb4AT-L.19 

Brain sections from a 13-month-old 5xFAD mouse show prominent staining of plaques 

when treated with pAb4AT-L and then with a fluorescent goat anti-rabbit secondary antibody 

(Figure 2.2 A and 2.2 B). In contrast, brain sections from wild-type (WT) littermates show no 

plaques and only weak background fluorescence (Figure 2.2 C). As an additional control, we 

stained an adjacent slice of the 5xFAD mouse brain with only the fluorescent goat anti-rabbit 

secondary antibody and observed no staining (Figure 2.2 D). In the 5xFAD mouse brain, cored 

plaques appear to be recognized with pAb4AT-L rather than diffuse plaques. Cored plaques are 

composed of a fibrillar, β-pleated-sheet dense core composed of Aβ42 surrounded by a halo of Aβ 

and contain swollen axons and synaptic terminals (dystrophic neurites).20–23 In contrast, diffuse 

plaques contain non-fibrillar Aβ, but lack a fibral center and dystrophic neurites, and are 

amorphous with a lack of structural margins or boundaries.20,22–24 pAb4AT-L strongly stains the 
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cores of cored plaques, strikingly staining the periphery of the cores and showing weaker staining 

around the halo of Aβ (Figure 2.2 B). 

 

Figure 2.2 Immunofluorescence micrographs comparing staining of pAb4AT-L in brain slices from 
a 5xFAD mouse and a wild-type littermate. (A) Stitched micrograph acquired at 4X magnification 

of a 5xFAD mouse brain hemisphere stained with pAb4AT-L. The white box shows the region of 
the brain used for micrographs B-D. The red dots on the image are associated with image 

acquisition and are not features of the image itself. (B) Micrograph of a 5xFAD mouse brain slice 
stained with pAb4AT-L. (C) Micrograph of a wild-type littermate mouse brain slice stained with 
pAb4AT-L. (D) Micrograph of a 5xFAD mouse brain slice stained with secondary antibody only 

(goat anti-rabbit Alexa Fluor 488). Images B-D were acquired at 20X magnification; the scale bar 
is 50 μm. 

 

To further characterize the features recognized by pAb4AT-L, we co-stained with the 6E10 

monoclonal antibody, which recognizes residues from the N-terminus of Aβ (Aβ4-10) and broadly 

identifies standard features associated with Aβ pathology (Figure 2.3). Although many similar 

features are recognized by both antibodies, there are some noteworthy differences. 6E10 

recognizes diffuse plaques, while pAb4AT-L does not (shown by the > symbol in Figure 2.3). 6E10 
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also more strongly recognizes halos of Aβ than pAb4AT-L (shown by the # symbol in Figure 2.3). 

Interestingly, 6E10 does not strongly recognize the periphery of cores of the cored plaques as 

robustly as pAb4AT-L (* symbol in Figure 2.3). 

 

Figure 2.3 Immunofluorescence micrographs comparing staining of pAb4AT-L to the commercially 
available anti-Aβ antibody 6E10 in a brain slice from a 5xFAD mouse. (A) Micrograph of a brain 

slice from a 5xFAD mouse stained with pAb4AT-L (green), 6E10 (magenta), and DAPI (blue). (B) 
Micrograph of a brain slice from a 5xFAD mouse shown in the magenta channel (6E10). (C) 
Micrograph of a brain slice from a 5xFAD mouse shown in the green channel (pAb4AT-L). The > 

symbol shows a diffuse plaque recognized only with 6E10. The * symbol shows a halo of Aβ 
strongly recognized with 6E10. The # symbol shows the periphery of the core of cored plaques 

strongly recognized by pAb4AT-L. Images were acquired at 20X magnification; the scale bar is 50 
μm. 

 

pAb4AT-L recognizes pathology in the brains of people who lived with LOAD. 

The robust staining of the 5xFAD mouse plaques and differences from 6E10 prompted us 

to characterize the features recognized by pAb4AT-L in brain slices of LOAD. For these studies, we 

obtained post-mortem brain samples from LOAD and those who were cognitively normal. We 

used the occipital cortex for these studies because this region develops diverse pathology during 

AD progression.25 Table 2.1 displays the demographics of people in this study who were selected 

based on balancing sex, age, PMI (post-mortem interval), and plaque staging.  
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Table 1  

Case Demographics   

Group Age Sex PMI APoE NPDx1 Tangle Stage Plaque Stage 

LOAD 86 F 10.1 N/A AD Stage 5 Stage C 

LOAD 81 M 1.9 3/3 AD Stage 5 Stage B 

LOAD 86 M 4.2 3/4 AD Stage 5 Stage C 

LOAD 90 M 3.75 3/4 AD Stage 6 Stage B 

LOAD 96 F 4.3 3/3 AD Stage 5 Stage B 

LOAD 89 F 4.08 3/3 AD Stage 6 Stage C 

Mean 88.0 ± 5.0  4.7 ± 2.8     

Ctrl 88 F 5.17 2/3 Normal (MBC) Stage 2 Stage A 

Ctrl 90 F 3.8 3/3 Normal (MBC) Stage 4 Stage B 

Ctrl 89 F 3.58 3/3 Normal (MBC) Stage 3 Stage B 

Ctrl 92 M 8.75 N/A Normal (MBC) Stage 3 Stage A 

Ctrl 89 F 5.95 2/3 Normal (MBC) Stage 3 None 

Mean 89.6 ± 1.5  5.4± 2.0     

LOAD, Late Onset Alzheimer’s Disease; Ctrl, control; PMI, postmortem interval prior to brain 
collection in hours; NPDx1, primary neuropathology diagnosis; AD, Alzheimer’s disease; APoE, 

Apolipoprotein E allele, MBC, Mild Braak Changes. 

 

Immunohistochemical staining with DAB reveals that pAb4AT-L preferentially recognizes 

plaques in LOAD (Figure 2.4 A). Although immunohistochemical staining also shows lesions in 

the brains of people with mild Braak changes who were not diagnosed with LOAD, plaques are 

more abundant in the brains of individuals with LOAD (Figure 2.4 B). Quantitative digital 

neuropathology confirms that brain slices from people with LOAD contain more plaques 

recognized by pAb4AT-L than from people with mild Braak changes who were not diagnosed with 

LOAD (Figure 2.4 C). 
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Figure 2.4. Immunohistochemistry staining of brain sections from people who lived with and 
without LOAD stained with pAb4AT-L was used to perform quantitative digital neuropathology to 

quantify average plaque loads detected by pAb4AT-L. (A) Micrograph of a section of occipital cortex 
from a person who lived with LOAD stained with pAb4AT-L. (B) Micrograph of a section of 

occipital cortex from a person who lived without LOAD stained with pAb4AT-L. (C) Bar graph 
representing the average plaque load (pixels/μm2) detected by pAb4AT-L in the occipital cortex 
stained of people who lived with and without LOAD. Images were acquired at 20X and were 

viewed at 1X using Aperio ImageScope; the scale bar is 2 mm.  

 

We performed a pre-adsorption experiment to further confirm that pAb4AT-L is indeed 

recognizing Aβ pathology. In this experiment, pAb4AT-L was incubated with the 4AT-L trimer prior 

to staining brain sections from a person who lived with LOAD. As a control, we stained a 

sequential brain section with pAb4AT-L. When the two sections were imaged, the section stained 

with the pre-absorbed pAb4AT-L showed no staining of pathology, while the section stained with 

pAb4AT-L did. These observations confirm that pAb4AT-L specifically recognizes Aβ pathology in 

human brain tissue (Supplemental Figure 2.3 C). 

We further characterized the recognition of pAb4AT-L in human brain tissue by comparing 

its immunofluorescent staining to that of the commercially available anti-Aβ antibodies 6E10, 

4G8, 11A50-B10, and 12F4. We selected these antibodies for these experiments, because of their 

wide variety of Aβ epitope recognition and published precedents of detecting conformations of Aβ 

in the brains of people who lived with LOAD (Table 2). 
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Table 2  

Commercially available anti-Aβ antibodies 

Antibody Epitope Vendor Cat. Number IF Dilution References 

6E10 Aβ4-10 BioLegend 803015 1:1000 [3] 

4G8 Aβ18-23 BioLegend 800708 1:1000 [3] 

11A50-B10 Aβ1-40,  
C-terminus 

BioLegend 805404 1:1000 [31] 

12F4 Aβ1-42, 
C-terminus 

BioLegend 805509 1:1000 [26, 42] 

 

pAb4AT-L recognizes cores of cored plaques in people with LOAD.  

To determine if pAb4AT-L recognizes unique Aβ pathology in LOAD, we compared pAb4AT-

L to four commercially available anti-Aβ antibodies by immunofluorescent staining experiments 

on sections of the occipital cortex from LOAD. Thus, we stained a series of LOAD brain slices 

with pAb4AT-L and 6E10, 4G8, 11A50-B10, or 12F4 and respective fluorescent secondary 

antibodies and visualized the plaques identified by each antibody (Figure 2.5). Shared epitope 

recognition was determined by the presence or lack thereof of immunofluorescent staining overlap 

between antibodies on Aβ plaques.  
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Figure 2.5 Immunofluorescence micrographs comparing Aβ plaque staining of pAb4AT-L to four 

commercially available anti-Aβ antibodies in brain slices from a person who lived with LOAD. 
The left column shows the staining of each commercially available antibody (magenta); the middle 

column shows the staining of pAb4AT-L (green); the right column shows the corresponding overlay, 
as well as the staining of cell nuclei by DAPI (blue). (A-C) Images from coincubation with 6E10 
and pAb4AT-L; (D-F) are images from coincubation with 4G8 and pAb4AT-L; (G-I) are images from 

coincubation with 11A50-B10 and pAb4AT-L; (J-L) are images from coincubation with 12F4 and 
pAb4AT-L. Images were acquired at 40X; the scale bar is 50 μm. 

 

pAb4AT-L recognizes the cores of cored plaques but shows little or no recognition of  the 

halos (Figure 2.5), recognizing the cores of cored plaques more strongly than 6E10 (Figure 2.5 

A-C), 4G8 (Figure 2.5 D-E), 11A50-B10 (Figure 2.5 G-I), and 12F4 (Figure 2.5 J-L). These 

antibodies recognize different epitopes, and the differences in staining by 6E10 and pAb4AT-L may 
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reflect the binding of the antibodies to the different epitopes. 6E10 recognizes Aβ4-10, whereas 

pAb4AT-L was generated against a trimer derived from Aβ17-36. The strong staining of the cores by 

pAb4AT-L may reflect that the cores present regions of Aβ17-36 in a conformation or arrangement 

that resembles the 4AT-L trimer. 

In contrast to 6E10, 4G8 recognizes Aβ18-23, which overlaps with the epitope recognized 

by pAb4AT-L. When a brain slice was stained with both pAb4AT-L and 4G8, pAb4AT-L strongly 

recognized the cores of cored plaques (Figure 2.5 F), while 4G8 distinctively stained the halo of 

Aβ around cored plaques in contrast to pAb4AT-L (Figure 2.5 D and 2.5E). The strong recognition 

of the cores of cored plaques does not appear to simply result from pAb4AT-L out-competing 4G8 

for similar epitopes, as strong staining by pAb4AT-L occurs regardless of the order of staining. When 

a sequential brain slice was stained first with 4G8 and then with pAb4AT-L, similar strong staining 

of the cores by pAb4AT-L was also observed (Supplemental Figure 2.4 D-F). Similar staining was 

also observed when a sequential brain slice was stained first with pAb4AT-L and then with 4G8 

(Supplemental Fig. 2.4 M-O). Regardless of the order of antibody addition between 4G8 and 

pAb4AT-L, the cores of cored plaques were consistently recognized by pAb4AT-L while 4G8 

consistently recognized the halo of Aβ around the cores of cored plaques. These observations 

indicate that pAb4AT-L is recognizing features of plaques that are distinct from the sequence 

recognition provided by 4G8. 

We also compared pAb4AT-L to the 11A50-B10 and 12F4 antibodies, which recognize the 

respective C-termini of Aβ40 and of Aβ42 26,27. The 11A50-B10 and 12F4 antibodies recognize 

different regions of the plaques. 11A50-B10 stains the periphery of the cores of cored plaques 

(Figure 2.5 G), while 12F4 recognizes distinct halos and standard dense plaques (Figure 2.5 J). 

These differences in staining of 11A50-B10 and 12F4 reflect differences in how Aβ40 and Aβ42 
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deposit in forming the plaques, with Aβ40 depositing later than the more aggregation-prone Aβ42. 

Aβ42 is the dominant isoform in plaques and serves as a foundation for plaque formation, because 

the additional two hydrophobic C-terminal amino acids increase peptide self-assembly.23,28,29 

Thus, 12F4 strongly stains more regions of the plaques reflecting their predominant Aβ42 

composition (Figure 2.5 J). In contrast, the less pronounced and more diffuse staining by 11A50-

B10 reflects the later Aβ40 deposition.28,29 

pAb4AT-L is more similar to 12F4 than 11A50-B10. Thus, 11A50-B10 recognizes the 

periphery of the cores of cored plaques recognized by pAb4AT-L (Figure 2.5 H-I). In contrast, 12F4 

staining slightly overlaps with pAb4AT-L, especially in the transition areas between the halo and 

cores of cored plaques (Figure 2.5 K-L). These observations demonstrate that pAb4AT-L strongly 

recognizes plaques composed of Aβ42 than plaques composed of Aβ40.  

We performed additional immunofluorescent staining swapping the order of antibody 

addition to ensure that steric hindrance was not interfering with antibody staining (and therefore 

epitope recognition) of 6E10, 11A50-B10, and 12F4 in the presence of pAb4AT-L. We thus swapped 

the order of staining, first staining LOAD brain slices with these commercially available antibodies 

and a fluorescent goat-anti mouse secondary antibody, then staining with pAb4AT-L and as 

fluorescent goat anti-rabbit secondary antibody. Swapping the order of addition between 

commercially available anti-Aβ antibodies and pAb4AT-L does not change the staining we observe 

from micrographs and therefore epitope recognition (Figure 2.5 and Supplemental Figure 2.4 A-

C and 2.4 G-L).  

Collectively, these experiments indicate that pAb4AT-L consistently recognizes the cores of 

cored plaques more strongly than 6E10, 4G8, 11A50-B10, and 12F4. pAb4AT-L has little to no 
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recognition of the halos around plaques. pAb4AT-L recognition of plaques is more similar to 12F4 

than 11A50-B10 and therefore recognizes plaques comprised of Aβ42.  

pAb4AT-L recognizes plaques associated with glial response and neuropil threads.  

We performed plaque phenotyping studies to better understand the types of plaques 

recognized by pAb4AT-L. We thus co-stained brain slices with pAb4AT-L and with IBA-1, GFAP, 

or AT8 to identify microglia (Figure 2.6 A-C), astrocytes (Figure 2.6 D-F), or tau (Figure 2.6 

G-I).  

 

Figure 2.6 Characterization of plaque phenotypes identified by pAb4AT-L in a person who lived 
with LOAD: Immunofluorescence micrographs illustrating staining with pAb4AT-L, IBA-1 

(microglia), GFAP (astrocytes), and AT8 (tau). The left column contains images of antibodies 
staining for associated AD pathology (magenta); the middle column contains images of pAb4AT-L 

(green); the right column shows the corresponding overlay, as well as the staining of cell nuclei 
by DAPI (blue). A-C are images from coincubation with IBA-1 and pAb4AT-L; D-F are images 
from coincubation with GFAP and pAb4AT-L; G-I are images from coincubation with AT8 and 

pAb4AT-L. Images were acquired at 40X; the scale bar is 50 μm. 
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Microglia and astrocytes are glial cells in the brain involved with neuroinflammation and 

Aβ clearance.30 Dense core plaques are also defined by the presence of activated microglia and 

astrocytes surrounding the core of the plaque.31–33 The activation of glial cells occurs in response 

to inflammatory cytokines, or neuritic damage caused by Aβ, indicating Aβ clearance.31–33 In a 

micrograph of plaques stained with pAb4AT-L, microglia stained with IBA-1 (Ionized calcium-

Binding Adapter molecule 1), are embedded in the halo of Aβ and appear to engage with the core 

of the cored plaques (Figure 2.6 A-C). In another micrograph of dense core plaques stained with 

pAb4AT-L, astrocytes stained with GFAP (Glial Fibrillary Acidic Protein) surround the halo of 

dense core plaques (Figure 2.6 D-F).  

Neuropil threads are phosphorylated tau that forms paired helical filaments which 

accumulate in the dendrites and soma of neurons; this species of tau pathology is one of the earliest  

forms of tau accumulation and is evidence that supports the synergistic relationship between Aβ 

and tau where the accumulation of Aβ precedes tau in the pathogenesis of AD .4,20,21,27,34 Neuritic 

plaques contain tau-positive dystrophic neurites and may or may not contain dense cores.35 The 

AT8 antibody recognizes phosphorylated tau-associated AD pathology.21,23 In a micrograph of a 

plaque stained with pAb4AT-L, the AT8 recognizes neuropil threads that appear to be intertwined 

and matted on the plaque (Figure 2.6 G-I).   

pAb4AT-L recognizes Cerebral Amyloid Angiopathy (CAA) in people with LOAD.  

In staining brain slices from an individual LOAD, we observed that pAb4AT-L also 

recognizes Cerebral Amyloid Angiopathy (CAA) (Figure 2.7). CAA results from the 

accumulation of Aβ40 in blood vessels of the brain.23,36,37 Brain slices co-stained with pAb4AT-L and 

6E10, 4G8, or 11A50-B10 reveal co-localization of pAb4AT-L and the corresponding anti-Aβ 

antibodies in CAA pathology (Figure 2.7 A-I). In contrast, 12F4 shows little staining of CAA 
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pathology demonstrating that the CAA deposits are composed primarily of Aβ40, instead of Aβ42 

(Figure 2.7 J-L). Because of the propensity for CAA autofluorescence in the green channel, and 

to confirm that pAb4AT-L is recognizing CAA, we swapped Alexa Fluor dyes between 4G8 and 

4AT-L. In both staining experiments with pAb4AT-L and 4G8, we observe that pAb4AT-L distinctly 

stains CAA (Supplemental Figure 2.5 D-F). These experiments demonstrate that pAb4AT-L 

recognizes CAA, as well as Aβ plaques and present regions of Aβ17-36 in an arrangement or 

conformation that resembles the 4AT-L trimer.  

 

Figure 2.7 Immunofluorescence micrographs comparing the staining of cerebral amyloid 

angiopathy (CAA) by pAb4AT-L to four commercially available anti-Aβ antibodies in brain slices 
from a person who lived with LOAD. The left column shows the staining of each commercially 
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available antibody (magenta); the middle column shows the staining of pAb4AT-L (green); the right 
column shows the corresponding overlay, as well as the staining of cell nuclei by DAPI (blue). A-

C are images from coincubation with 6E10 and pAb4AT-L; D-F are images from coincubation with 
4G8 and pAb4AT-L; G-I are images from coincubation with 11A50-B10 and pAb4AT-L; J-L are 

images from coincubation with 12F4 and pAb4AT-L. Images were acquired at 40X; the scale bar is 
50 μm. 

 

Discussion  

Antibodies against Aβ are critical tools in identifying amyloid -related pathological features 

in brain tissue. A unique feature of pAb4AT-L is that it was generated against a conformationally 

well-defined oligomer derived from Aβ, with a trimeric structure that is characterized at atomic 

resolution (PDB 7JXO). In contrast, other antibodies used to characterize Aβ (e.g., 6E10, 4G8, 

11A50-B10, and 12F4) are generated against Aβ, fragments of Aβ, or in some cases, preparations 

of Aβ oligomers or fibrils for which the three-dimensional structures are not known. Some of the 

features recognized by pAb4AT-L may thus reflect structural and conformational similarities with 

the 4AT-L trimer used to generate pAb4AT-L.  

Although monoclonal antibodies, such as 6E10, 4G8, 11A50-B10, and 12F4, have the 

advantages of being homogenous and recognizing a single epitope, polyclonal antibodies have the 

potential to recognize multiple epitopes with similar features, such as conformation. The A11 

polyclonal antibody has been used widely to recognize Aβ oligomers, but the Aβ antigen used to 

generate A11 is heterogenous and structurally less well-defined, and different commercial sources 

of A11 have provided variable results.12,38 In contrast, the 4AT-L antigen used to generate pAb4AT-

L is homogenous and structurally well-defined. 

The recognition of the cores of cored plaques by pAb4AT-L may reflect that the cores present 

regions of Aβ17-36 in an arrangement or conformation that resembles the 4AT-L trimer. Studies on 

the Aβ composition of plaques have sought to connect the relationship between Aβ oligomers and 
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plaques. Aβ antibodies that target a specific species of Aβ (Aβ conformation-specific antibodies) 

are used to elucidate different conformations of Aβ among plaque phenotypes and provide 

functional insight into the plaque morphology.38–42 The A11 and OC polyclonal antibodies and the 

OC monoclonal antibodies are conformation-specific antibodies that recognize cored 

plaques.38,39,41 Immunohistochemical studies in brain slices from a transgenic mouse model using 

the Aβ oligomer-specific antibody NAB61 demonstrate that Aβ oligomers in cored plaques results 

in synaptic loss and ultimately contribute to cognitive decline.40 Immunofluorescent staining of 

AD mouse and human brain tissue with the OC pAb displayed Aβ oligomers in cored plaques 

associated with synaptic loss. Results from these studies support a model in which the cores of 

cored plaques are surrounded by Aβ oligomers which then spread to elicit their neurotoxic 

properties.  

The cores of cored plaques may serve as a site on the plaque to collect Aβ oligomers. The 

cores and halos of plaques recognized by pAb4AT-L might thus be composed of oligomeric Aβ 

which may then recruit additional Aβ oligomers to elicit their neurotoxic ef fects leading to the 

progression of AD. The cores, for example, may be composed of Aβ oligomers similar in structure 

to 4AT-L, that then serve as sites for Aβ oligomers to induce dystrophic neurons and ultimately 

contribute to AD pathogenesis.  

Although CAA is primarily composed of Aβ40 and plaques primarily composed of Aβ42, 

previous studies report conformation-specific antibodies recognizing CAA. The OC polyclonal 

antibody and the OC monoclonal antibody mOC31, recognize vascular amyloid, suggesting that 

vascular amyloid is composed of distinct conformations.11,12,39 The strong staining CAA suggests 

that the pAb4AT-L antibody may also recognize distinct conformations of Aβ, in a similar 

arrangement to the 4AT-L trimer.  
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Conclusion  

The 4AT-L trimer is a conformationally defined Aβ-derived peptide consisting of three β-

hairpins in a triangular arrangement that can be synthesized in milligram quantities. It can be used 

to generate the polyclonal antibody pAb4AT-L, which can also be generated in milligram quantities. 

pAb4AT-L recognizes cored plaques in brain slices from 5xFAD mice in immunofluorescent staining 

experiments. Unlike the anti-Aβ monoclonal antibodies (6E10, 4G8, 11A50-B10, and 12F4), 

pAb4AT-L strongly recognizes the cores of cored plaques in LOAD. pAb4AT-L also recognizes 

neuritic plaques and CAA. The pathological features recognized by pAb4AT-L and unique 

conformationally defined antigen 4AT-L make pAb4AT-L a valuable tool for identifying Aβ plaque 

composition and providing functional insights into Aβ plaque morphology. 

Materials and Methods 

Synthesis of peptide monomer 4AT-Lcc and cross linked trimer 4AT-L 

The chemicals and instruments required for peptide synthesis are similar to those used in 

our laboratory’s previous publications.15,17 Complete procedures are provided in the supplemental 

information.  

Curation of 5xFAD mice and wild type littermates 

All animal experiments were approved by the UC Irvine Institutional Animal Care and Use 

Committee (UCI IACUC). All animals were bred by the Transgenic Mouse Facility at UC Irvine. 

The process of breeding, genotyping, raising, and aging of 5xFAD hemizygous mice (B6.Cg 

Tg(APPSwFlLon,PSEN1*M146L*L286V)6799Vas/Mmjax, Stock number 34848-JAX, 

MMRRC) and wild type littermates for the purposes of tissue harvesting were followed as 
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described in Forner et al. 2021.19  For more information about the curation and preparation of 

mouse brain tissue, refer to the supplemental information. 

Tissue curation from ADRC 

Human brain tissue samples were provided by the UC Irvine Alzheimer’s Disease Research 

Center (UCI ADRC). The ADRC obtains, fixes, processes, and curates human brain tissue 

samples, and provides them in a de-identified format, thus rendering their application exempt from 

human subjects protocols. After the fixation process for at least two weeks in 4% 

paraformaldehyde, brains are submerged in 1 X phosphate-buffered saline (PBS) + 0.02% sodium 

azide, coronally sectioned, and sampled for diagnostic Formalin-Fixed Paraffin-Embedded 

(FFPE) tissue blocks. The coronal sections were then placed in individual heat-sealed bags filled 

with 1 X PBS + 0.02% sodium azide and stored at 4ºC for long-term storage for ongoing 

dissemination to investigators for their research studies. 

Mouse and human tissue sectioning 

Mouse brain tissue was sectioned using an HM 430 Sliding Microtome (Cat No. 22-050-

855) with a sharp MX35 ultra microtome blade (REF 3053835). The stage was chilled with 

powdered dry ice. The brain tissue was submerged in powdered dried ice for 5 minutes and then 

mounted coronally with Tissue-Tek O.C.T. Compound (Sakura Finetek). After the mouse brain 

tissue was sectioned at 40 microns, and each slice was transferred with a paintbrush to a 48-well 

plate containing 1 X PBS + 0.02% sodium azide, the plate was then stored at 4 ºC for long-term 

storage (ThermoFisher, Cat. No. 3548).  
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Human occipital cortex was sectioned using a vibratome (Leica VT1000S) at 30 µm. 

Sequential tissue sections were then transferred to a 24-well plate containing 1 X PBS + 0.02% 

sodium azide and were stored at 4 ºC for long-term storage (ThermoFisher, Cat. No. 142485).  

Generation of rabbit polyclonal antibodies 

The conjugation chemistry and immunizations to generate pAb4AT-L were performed under 

contract with Pacific Immunology (Ramona, CA). The 4AT-L trimer was conjugated to the carrier 

protein keyhole limpet hemocyanin (KLH) using standard 1-ethyl-3-(3 dimethylaminopropyl) 

carbodiimide (EDC) coupling chemistry following vendor protocols (Thermo Scientific, 

MAN0017125 Rev. A.0 Pub. Part No. 2160475.7). Two New Zealand white rabbits, 9-10 weeks 

of age, were used to generate rabbit polyclonal antibodies. Rabbits were primed with 200 μg of 

the 4AT-L trimer in AdjuLite Complete Freund’s Adjuvant (CFA) (Cat. #A5001), by 

subcutaneous injection using a 19-gauge needle in the neck/shoulder region. Pacific Immunology 

uses a highly purified mineral oil base Freund’s Adjuvant that allows antigen presentation and 

elimination of injection site abscesses and granulomas. On days 21, 42, and 70 the rabbits received 

booster injections of 100 μg of the 4AT-L timer in AdjuLite Incomplete Freund’s Adjuvant (IFA) 

(Cat. #A5002). Blood samples for testing were drawn from the central ear artery using a 19-gauge 

needle on Days 0 (10 mL), 49 (45-50 mL), 63, (45-50 mL) 77 (45-50 mL), and Day 91 (45-50 

mL). 

As whole blood was collected, it was diluted in Anticoagulant Citrate Dextrose Solution 

USP (ACD) Solution A (0.80 g citric acid monohydrate, 2.45 g dextrose monohydrate, and 2.20 g 

of sodium citrate dihydrate in 100 mL) in a 1:10 ratio. The blood and ACD solution was diluted 

1:1 with sterile 1 X PBS containing 2.5 mM EDTA and 0.5% BSA. 20 mL of StemCell 

Lymphoprep was added to a 50-mL StemCell SepMate-50 separation tube, then 30 mL of the 
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blood and ACD solution was added over the Lymphoprep, then centrifuged for 30 minutes at 3,000 

RPM. The supernatant (plasma) was retrieved and decanted once the PBMCs have been spun down 

to form a pellet. Plasma was then shipped for affinity purification and ELISA followed by 

experiments and antibody characterization. PBMCs were also isolated for the future generation of 

monoclonal antibodies. For information about affinity purification and ELISA, refer to the 

supplemental information. 

Immunofluorescent staining on 5xFAD mice brain slices 

All steps were performed on a plate shaker at 90 rpm and ambient temperature (ca. 25 ºC) 

unless otherwise noted. Free-floating tissue was transferred to a 24-well plate (Cell Treat Scientific 

Products Polystyrene 24-well Non-treated Plate, Sterile, Part Number: 229524) with 10 X Tris 

Buffered Saline (500 mM Tris, 1 M NaCl) that was diluted to 1 X TBS with Milli-Q® water. The 

tissue was washed with 1 X TBS for 5 minutes and pretreated with 88% formic acid (Certified 

ACS, Fisher Chemical, Cat. No. A118P-100) for 5 minutes in the fume hood to enhance detection. 

After incubation, the antigen retrieval solution was aspirated by a pipette, and then the tissue was 

washed with 1 X TBS three times for 5 minutes each. Tissues were then treated with 3% H2O2  

(Hydrogen Peroxide, 30% (Stabilized with Sodium Stannate/Certified), Fisher Chemical, Cat. No. 

H323-500) with 10% methanol (Methanol (Certified ACS), Fisher Chemical, Cat. No. A412-4) 

for 30 minutes in the fume hood. The tissue was then washed with 1 X TBS for 5 minutes, 

permeabilized with 500 µL 1 X TBS-A (0.1% Triton-X) for 15 minutes, and incubated in blocking 

solution (1 X TBS-B, 0.1% Triton, and 3% BSA (Bovine Serum Albumin, Fraction V, Heat Shock 

Treated, Fisher BioReagents, Cat. No. BP1600-100) for 30 minutes. After the previous blocking 

reagent was aspirated from the well, the tissue was incubated in supplemented blocking solution 

(which includes 5% normal horse serum (Vector Laboratories, REF S-2000)) for 30 minutes. After 
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aspirating the supplemented blocking solution from the wells, primary antibody (1:5000 diluted 

pAb4AT-L in blocking buffer) was added to the wells of a new 24-well plate. The tissue was then 

transferred to the 24-well plate, sealed with Parafilm, and placed on an orbit shaker at room 

temperature overnight (16 hours). 

The next day, tissues were washed twice with 1 X TBS-A for 5 minutes. After the last wash 

was aspirated, the tissue was incubated in blocking solution for 15 minutes. After aspirating the 

blocking solution from the wells, 500 µL of diluted horse anti-rabbit biotinylated secondary 

antibody (1:1000) (Vector Laboratories, BA-1100-1.5) in blocking solution was added to the wells 

and the tissue incubated for 1 hour at room temperature. After a 1-hour incubation, the tissues were 

washed in 1 X TBS-A twice for 5 minutes each then placed in ABC solution  (Vectastain Elite 

ABC-HRP Kit, Peroxidase, Cat. No. PK-6100) for 1 hour. The tissue was washed with 1 X TBS 

three times, for 5 minutes each. During the last of the three washes in 1 X TBS, the DAB (3, 3 -

diaminobenzidine) reagent was prepared in the fume hood and according to manufacturer’s 

instructions (DAB Substrate Kit, Peroxidase (HRP), with Nickel, Cat. No. SK-4100). Tissue was 

incubated in DAB for 5 minutes. The tissue was washed with 1 X TBS three times, 5 minutes each. 

Tissues were mounted on slides (Fisherbrand Superfrost Plus Microscope Slides, 25mm x 75mm 

x 1.0mm, Glass, Regular Corner, 3/4" SuperFrost Tab, Part Num.  22-037-246) until dry in the 

fume hood. 

DAB staining 

All steps were performed on a plate shaker at 90 rpm and ambient temperature (ca. 25 ºC) 

unless otherwise noted. Free-floating tissue was transferred to a 24-well plate (Cell Treat Scientific 

Products Polystyrene 24-well Non-treated Plate, Sterile, Part Number: 229524) with 10 X Tris 

Buffered Saline (500 mM Tris, 1 M NaCl) that was diluted to 1 X TBS with Milli-Q® water. The 
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tissue was washed with 500 µL of 1 X TBS for 5 minutes. After removing the wash, the tissue was 

subjected to 300 µL 88% formic acid (Certified ACS, Fisher Chemical, Cat. No. A118P-100) 

antigen retrieval for 5 minutes in the fume hood. After incubation, the antigen retrieval solution 

was aspirated by a pipette, and then the tissue was washed with 500 µL of 1 X TBS three times for 

5 minutes each. Tissues were then treated with 3% H2O2  (Hydrogen Peroxide, 30% (Stabilized 

with Sodium Stannate/Certified), Fisher Chemical, Cat. No. H323-500) with 10% methanol 

(Methanol (Certified ACS), Fisher Chemical, Cat. No. A412-4) for 30 minutes in the fume hood. 

After transferring the tissue with a paintbrush to a new 24-well plate, the tissue was then washed 

with 500 µL of 1 X TBS for 5 minutes. After the last wash was aspirated, the tissue membrane 

was then permeabilized in 500 µL 1 X TBS-A (0.1% Triton-X) for 15 minutes. After the last wash 

was aspirated, 475 µL of blocking solution, (1 X TBS-B, 0.1% Triton, and 3% BSA (Bovine Serum 

Albumin, Fraction V, Heat Shock Treated, Fisher BioReagents, Cat. No. BP1600-100) were added 

to each tissue and incubated for 30 minutes. After the previous blocking reagent was aspirated 

from the well, the tissue was incubated in 475 µL of supplemented blocking solution (which 

includes 5% normal horse serum (Vector Laboratories, REF S-2000)) for 30 minutes. After 

aspirating the supplemented blocking solution from the wells, 500 µL of primary antibody (1:5000 

diluted pAb4AT-L in blocking buffer) was added to the wells of a new 24-well plate. The tissue was 

then transferred to the 24-well plate, sealed with Parafilm, and placed on an orbit shaker at room 

temperature overnight (16 hours). 

The next day, tissues were washed twice with 500 µL of 1 X TBS-A for 5 minutes. After 

the last wash was aspirated, the tissue was incubated in 500 µL of blocking solution for 15 minutes. 

After aspirating the blocking solution from the wells, 500 µL of diluted horse anti-rabbit 

biotinylated secondary antibody (1:1000) (Vector Laboratories, BA-1100-1.5) in blocking solution 
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was added to the wells and the tissue incubated on tissue for 1 hour at room temperature. After a 

1-hour incubation, the tissues were washed in 500 µL of 1 X TBS-A twice for 5 minutes each then 

placed in ABC solution (Vectastain Elite ABC-HRP Kit, Peroxidase, Cat. No. PK-6100) for 1 

hour. The tissue was washed with 500 µL of 1 X TBS three times, for 5 minutes each. During the 

last of the three washes in 1 X TBS, the DAB (3, 3 -diaminobenzidine) reagent was prepared in 

the fume hood and according to manufacturer’s instructions (DAB Substrate Kit, Peroxidase 

(HRP), with Nickel, Cat. No. SK-4100). The tissue was incubated in DAB for 5 minutes. The 

tissue was washed with 500 µL of 1 X TBS three times, 5 minutes each. Tissues were mounted on 

slides (Fisherbrand Superfrost Plus Microscope Slides, 25mm x 75mm x 1.0mm, Glass, Regular 

Corner, 3/4" SuperFrost Tab, Part Num. 22-037-246) until dry in the fume hood. 

The slides were counterstained in  0.1% Cresyl Violet (ab246817, abcam) in Milli-Q® 

water for 3 minutes followed by Milli-Q® water for 1 minute. Slides were dehydrated through 

progressively increasing ethanol solutions and then transferred to xylene and were cover slipped 

(Globe Scientific 1419-10 Cover Glass, 24 x 60mm, No. 1 Thickness) with DPX mounting media 

(Sigma-Aldrich, SKU 06522). Slides were left to harden for 3 days before undergoing imaging 

analysis. 

Preabsorption of 4AT-L trimer with pAb4AT-L. To confirm antibody specificity, tissue was 

incubated in a solution of pAb4AT-L (1:1000) in blocking buffer  with 1:100 of 4AT-L trimer for 30 

minutes before being added to the tissue during the primary antibody step. The rest of the 

experiment was performed as previously described 
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Immunofluorescent staining on brain slices from LOAD  

Double-label immunofluorescence with amyloid antibodies. All steps were performed on a 

plate shaker at 90 rpm and ambient temperature (ca. 25 ºC) unless otherwise noted. All wells were 

filled with 500 L of buffer unless otherwise noted. Free-floating tissue was transferred to a well 

of a 24-well plate (Cell Treat Scientific Products Polystyrene 24 Well Non-treated Plate, Sterile, 

Part Number: 229524) filled with 10 X Tris Buffered Saline (500 mM Tris, 1 M NaCl) that was 

diluted to 1 X TBS with Milli-Q® water. This tissue was washed in 1 X TBS for 5 minutes. After 

removing the wash, the tissue was subjected to 300 µL 88% formic acid (Certified ACS, Fisher 

Chemical, Cat. No. A118P-100) antigen retrieval for 5 minutes in the fume hood. After incubation, 

the antigen retrieval solution was aspirated by a pipette, and then the tissue was washed with 1 X 

TBS twice for 5 minutes each and then 1 X TBS -A (1 X TBS, 0.1% Triton-X) for 15 minutes. 

After the last wash, 475 µL of blocking solution, (1 X TBS-B, 0.1% Triton and 3% BSA (Bovine 

Serum Albumin, Fraction V, Heat Shock Treated, Fisher BioReagents, Cat. No. BP1600-100) was 

added for 30 minutes. The primary antibodies, a monoclonal anti-amyloid beta antibody (Anti-β-

Amyloid, 1-16 [6E10], BioLegend, Cat. No. 803015; Anti-β-Amyloid, 17-24 [4G8, BioLegend, 

Cat. No. 800708; β-Amyloid 1-40 [11A50-B10], BioLegend, Cat. No. 805404; Purified anti-β-

Amyloid, 1-42 Antibody [12F4], BioLegend, Cat. No. 805509) was diluted blocking buffer and 

added to the wells (1:1000). The plate was then placed on an orbit shaker at 4 C for overnight 

incubation (16 hours).  

The next day, the primary antibody solution was aspirated from the well and the tissue was 

washed in 1 X TBS-A twice for 5 minutes and then in blocking buffer for 15 minutes. Next, tissue 

was incubated in blocking buffer supplemented with 5% normal goat serum (Vector laboratories, 

REF S-1000) and diluted secondary antibody (1:1000) for 1 hour (Goat anti-Mouse IgG (H+L) 
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Cross-Adsorbed Secondary Antibody Alexa Fluor 647, Invitrogen, Cat. No. A-21235). 

Subsequently the tissue was washed in 1 X TBS-A twice for 5 minutes and then blocking buffer 

for 15 minutes. At this time, the second primary antibody (pAb4AT-L),diluted in blocking buffer 

(1:1000) was added and tissue incubated on an orbit shaker 4C overnight (16 hours).  

 The tissue was washed in 1 X TBS-A twice for 5 minutes each and then in blocking buffer 

for 15 minutes.  Next, tissue was placed in blocking buffer supplemented with 5% normal goat 

serum and diluted secondary antibody for 1 hour (1:1000, Goat anti-Rabbit IgG (H+L) Cross-

Adsorbed Secondary Antibody, Alexa Fluor 488, Invitrogen, Cat. No. A-11008). The tissue was 

washed in 1 X TBS-A twice for 5 minutes each and then in 1 X TBS for an additional three times 

for 5 minutes each. To quench lipofuscin the tissue was then incubated in True black (Gold 

Biotechnology) in 70% EtOH (as prepared by manufacturer’s instructions) with for 5 mins. The 

tissue was washed in 1 X TBS six times for 5 minutes each and  mounted on slides (Fisherbrand 

Superfrost Plus Microscope Slides, 25mm x 75mm x 1.0mm, Glass, Regular Corner, 3/4" 

SuperFrost Tab, Part Num.  22-037-246), coated in mounting media (VECTASHIELD Vibrance® 

Antifade Mounting Medium with DAPI, H-1800), then coverslipped (Globe Scientific 1419-10 

Cover Glass, 24 x 60mm, No. 1 Thickness). The slides were then placed in a dark location until 

dry. For more information about staining with IBA-1, GFAP, and AT8 refer to the supplemental 

information.  

Bright-field and fluorescence image acquisition  

All images were acquired on the Keyence BZ-X800 fluorescent microscope. Objective 

lenses plan apochromat 40 X (Model BZ-PA40, NA 0.95, WD 0.17 to 0.25 mm, slide thickness 

0.11 to 0.23, depth of field approx.0.6 µm, field of view, 362×273 µm) and plan apochromat 20 X 

(Model BZ-PA20, NA 0.75, WD 0.6 mm, slide thickness 0.17, depth of field approx.1.0 µm, field 
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of view 725×546 µm) were used for image acquisition. For immunofluorescent staining 

experiments, Keyence filter cubes were used to excite fluorophores while brightfield was used to 

image immunohistochemistry staining. The filter cubes are notated as set name model, excitation 

wavelength, emission wavelength, dichroic mirror wavelength. The following filter cubes were 

used in this manuscript: BZ-X filter DAPI OP-87762 360/40 460/50 400, BZ-X filter GFP OP-

87763 470/40 525/50 495, BZ-X filter TRITC OP-87764 545/25 605/70 56, and BZ-X filter Cy5 

OP-87766 620/60 700/75 660. For specific acquisition parameters used for every microscopy 

image, see Supplemental Tables 3-4 and 6-7. All images of plaques were obtained with a z-stack 

taking 25 images with a pitch of 0.3 microns unless otherwise noted. All images of cerebral 

amyloid angiopathy were obtained with a z-stack taking 12-25 images depending on the size of 

the blood vessel with a pitch of 0.6 microns.  

The Keyence analyzing software (BZ-X800E Analyzer, Osaka, Japan) was used to process 

images. Acquired z-stack images were loaded in the analyzing software and complied by full focus 

to sectioned images. Original full-focus sectioned images were saved. All images were 

additionally processed by adjusting the shadow on the look-up table without removing signal. 

Supplemental Table 5 and 8 lists the processing parameters of each image.   

Quantitative digital neuropathology and statistics  

The Aperio Versa 200 slide scanner (Leica) was used to obtain whole slide images (WSI) 

of human tissue stained with pAb4AT-L using 20X brightfield imaging. Images of these slides were 

then uploaded to Aperio eSlideManager (eSM) (Leica) and were annotated using Aperio 

ImageScope (v12.4.6.5003). In ImageScope, both white matter and grey matter were analyzed by 

placing 5 boxes (600 h x 600 w x 600 l) in a systematic manner on the tissue. The first box was 

placed in an area of white matter with the least amount of pathology that contained enough space 



 

 
56 

to ultimately align all 5 boxes. The next box was placed one box length over to the left of the first 

box, then up. The following box was placed in a similar manner until all 5 boxes are placed. Boxes 

that contained areas with uneven sectioning, holes, tissue tears, foreign particles, and tissue 

overlap, were moved one box length to the right. The same process was repeated with gray matter. 

After the tissue was annotated, the “Positive Pixel Count V9” algorithm was used to quantify 

plaques with the only setting in the input setting of Intensity Threshold (Lower Limit) of WEAK 

positive pixels ( Iwp (Low) = Ip (High) ) changed to 175. The algorithm was then processed on 

the Aperio eSM. After the data was exported, the percent load for each annotation was calculated 

with Np (Number Positive), Nsp (Number Strong Positive), Nwp (Number Weak Positive) using 

the following equation:  

𝑁𝑤𝑝+𝑁𝑝+𝑁𝑠𝑝

𝑇𝑜𝑡𝑎𝑙  𝐴𝑟𝑒𝑎
  

Statistical analysis was performed on Microsoft Excel (version 16.70) and GraphPad Prism 

(version 9.0). 
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 Supporting Information for 

Antibodies generated from a triangular trimer from Aβ 

recognize cored and neuritic plaques in brain sections of 

people who lived with late-onset Alzheimer’s disease 

Synthesis of peptide monomer 4AT-Lcc and cross-linked trimer 4AT-L 

The chemicals and instruments required for peptide synthesis are similar to those used in 

our laboratory’s previous publications,15, 17. Information for the synthesis of peptide monomer 

4AT-Lcc and cross-linked trimer 4AT-L was adapted or taken verbatim from Haerianardakani et 

al. 2020,15 and Kreutzer et al. 2017.17  

All chemicals were used as received except where noted otherwise. Prior to use, methylene 

chloride (CH2Cl2) and anhydrous, amine-free dimethylformamide (DMF) purchased from Alfa 

Aesar was passed through alumina under argon in a solvent purification system. DMF purchased 

from Alfa Aesar and DMF purchased from Thermofisher were used in the synthesis. 24 hours 

before use, an amine scavenger was added to a bottle of DMF purchased from ThermoFisher. 

Amino acids, coupling agents, and resins were purchased from Chem-Impex. All reactions were 

performed at ambient temperature (ca. 25 °C), unless otherwise noted. HPLC grade acetonitrile 

(ACN) and 18 MΩ deionized water, each containing 0.1% trifluoracetic acid (TFA), were used for 

analytical and preparative reverse-phase HPLC. A Biotage Isolera Liquid Chromatography System 

using a Reverse Phase Biotage Sfär Bio C18 D – Duo 300 Å 20 µm, 25g column was used for 

initial purification of the cyclized peptide and oxidized trimer. Analytical reverse-phase HPLC 
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was performed on an Agilent 1260 system equipped with an Aeris PEPTIDE 2.6 μm XB-C18 

column (Phenomonex). The peptide was then purified using preparative reverse-phase HPLC on a 

Rainin Dynamax system equipped with a ZORBAX 300SB-C18 7 μm, 21.2 x 250 mm, PrepHT 

column (Agilent). Mass spectrometry was performed either on an AB SCIEX TOF/TOF 5800 

system (MALDI-TOF) or a Waters Xevo G2-XS QTof mass spectrometer (LC/MS with ESI). 

After HPLC purification and lyophilization, all peptides were prepared and used as the 

trifluoroacetate (TFA) salt and were assumed to have one TFA ion per ammonium group present 

in each peptide. In previously reported procedures, a typical oxidation of 32 mg of peptide 4AT-

Lcc afforded ca. 7 mg (22%) of trimer 4AT-L [15]. The following procedure is an improved 

synthesis of 4AT-Lcc and 4AT-L which includes oxidation of 50 mg of peptide 4AT-Lcc to afford 

ca. 12 mg (24%) of trimer 4AT-L. 

Synthesis of monomer 4AT-Lcc 

Loading the resin. To synthesize 4AT-Lcc, 2-chlorotrityl chloride resin (600 mg, 1.6 

mmol/g) was transferred to a Bio-Rad Poly-Pep chromatography column (20 mL). A solution of 

Fmoc-Gly-OH (94 mg, 0.15 mmol) in 3.75% (v/v) 2,4,6-collidine in dry CH2Cl2 (16 mL) was 

added to the resin and the suspension was gently agitated for 12 hours. The solution was then 

drained and a solution of CH2Cl2/MeOH/N,N-diisopropylethylamine (DIPEA) (17:2:1, 8 mL) was 

added to the resin and agitated for 1 hour to cap the unreacted 2-chlorotrityl chloride sites of the 

resin. After an hour, the capping solution was drained, and the resin was washed with DMF (5 X, 

total column volume). 

Peptide coupling. The Fmoc-Gly-2-chlorotrityl resin was then transferred to a 250-mL 

ChemGlass peptide synthesis vessel connected to a nitrogen/vacuum Schlenk line. The linear 
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peptide was then synthesized from the C-terminus to the N-terminus in consecutive cycles of 

amino acid coupling. Each cycle of amino acid coupling consists of i. Fmoc-deprotection with a 

solution of 20% (v/v) piperidine in DMF (8 mL) for 5 minutes, ii. washing with DMF (8 mL, 7 

X), iii. coupling of amino acid (0.75 mmol, 5 equiv) in the presence of HCTU (0.75 mmol, 5 equiv) 

dissolved in 20 % (v/v) 2,4,6-collidine in DMF (8 mL) for 20 minutes, iv. washing with DMF (8 

mL, 7 X). We used a special coupling procedure for the phenylalanine residue that follows the N-

methylphenylalanine: the phenylalanine was coupled twice (0.75 mmol, 5 equiv, each time) and 

allowed to react for 1 hour the first time, and 20 minutes the second time each in the presence of 

HATU (5 equiv) and HOAt (5 equiv) dissolved in 20 % (v/v) 2,4,6-collidine in DMF (8 mL). After 

the last amino acid was coupled, the terminal Fmoc protecting group was cleaved using a solution 

of 20% (v/v) piperidine in DMF (8 mL for 5 minutes). Once the linear peptide was prepared on 

resin, the resin was divided evenly between two 10-mL Bio-Rad Poly-Prep chromatography 

columns and the following procedures were performed separately on each portion. 

Cleavage of the peptide from the resin. After the resin was transferred to the Bio-Rad Poly-

Prep chromatography column, the resin was washed with CH2Cl2 (10 X total column volume). To 

cleave the linear-protected peptide from the resin, a solution of 20% (v/v) 1,1,1,3,3,3-

hexafluoroisopropanol (HFIP) in CH2Cl2 (7 mL) was added to the resin and the suspension was 

agitated for 1 hour. After an hour, the HFIP solution was filtered through the Bio-Rad column and 

the filtrate was collected in a 250-mL round-bottom flask. The resin was treated with a fresh 

solution of 20% (v/v) HFIP in CH2Cl2 (7 mL) and the suspension was agitated for an additional 

30 minutes. After 30 minutes, the solution was filtered. The combined filtrates were concentrated 

to dryness by rotary evaporation to yield the linear protected peptide. 
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Cyclization of the linear peptide. The linear protected peptide was dissolved in dry DMF 

from Alfa Aesar (125 mL). HOAt (150 mg, 1.0 mmol, 13 equiv) and HATU (375 mg, 1.0 mmol, 

13 equiv) were added to the solution. 4-Methylmorpholine (0.33 mL, 3.0 mmol, 40 equiv) was 

added and the solution was stirred under nitrogen for 48 hours. The solution was then concentrated 

to dryness by rotary evaporation with the water bath at 60 ºC to afford the cyclic protected peptide. 

Global deprotection of the cyclic protected peptide. A solution of TFA/triisopropylsilane 

(TIPS)/water (18:1:1, 20 mL) was added to the dry cyclic protected peptide. The solution was 

stirred under nitrogen for 1.5 hours to remove acid-labile side chain protecting groups and yield 

the crude cyclic deprotected peptide. 

Diethyl ether precipitation of the cyclic deprotected peptide. As the crude peptide was 

undergoing global deprotection two 50-mL conical vials of diethyl ether were placed on ice and 

chilled for at least an hour. Diethyl ether precipitation was performed to isolate the crude cyclic 

deprotected peptide and to remove deprotection reagents and byproducts. The global deprotection 

mixture was divided between an additional two 50-mL conical tubes (ca. 10 mL each) and mixed 

with cold diethyl ether (ca. 10 mL each). The mixtures of global deprotection solution and diethyl 

ether were incubated on ice for 5 minutes and then centrifuged at 700 rpm (107 x G) for 10 minutes. 

The crude cyclic deprotected peptide forms a pellet upon centrifugation. The supernatant in each 

conical tube was discarded and the pellet was gently resuspended in cold diethyl ether (ca. 10 mL 

each) and incubated on ice for an additional 5 minutes before being centrifuged again at 700 rpm 

(107 x G) for 10 minutes. This process of resuspending, decanting, incubating, and centrifuging 

was repeated one additional time. The pellet was suspended in ca. 4 mL of diethyl ether and the 

suspension was transferred into a clean 250-mL round-bottom flask. The mixture was concentrated 

to dryness by rotary evaporation. The crude cyclic deprotected peptide was immediately subjected 
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to reverse-phase HPLC purification. The crude cyclic deprotected peptide was immediately 

subjected to reverse-phase chromatographic purification.  

Reverse-phase HPLC purification. The crude cyclic deprotected peptide was purified by 

reverse-phase liquid chromatography using either a Biotage Isolera Liquid Chromatography 

System (Method A) or a preparative HPLC instrument (Method B). Method A: The crude cyclic 

deprotected peptide was dissolved in 10% (v/v) diluted ACN (10 mL) and purified in 10% ACN 

and injected into a Biotage Isolera Liquid Chromatography System System using a Reverse Phase 

Biotage Sfär Bio C18 D – Duo 300 Å 20 µm, 25g column (10–50% ACN gradient). Method B: 

The crude cyclic deprotected peptide was dissolved in 20% (v/v) ACN in water (4 mL) and filtered 

through a 0.2 μm PVDF syringe filter. RP-HPLC was performed on the solution using a Rainin 

Dynamax system equipped with a ZORBAX 300SB-C18 7 μm, 21.2 x 250 mm, PrepHT column 

(20–45% ACN over 70 minutes).  

Pure fractions, as determined by MALDI-TOF and analytical HPLC, were combined, 

concentrated to dryness by rotary evaporation, and lyophilized in two 50-mL conical vials. [The 

monoisotopic mass of 4AT-Lcc is 2200.0594 in the uncharged state. 4AT-Lcc thus gives a 

characteristic peak at m/z 2201 in the MALDI mass spectrum.] After two days of lyophilization, 

this 600 mg synthesis typically yields ca. 75-90 mg of 4AT-Lcc. 

Oxidation of 4AT-Lcc to form cross-linked trimer 4AT-L. 30-50 mg of the 4AT-Lcc was 

subjected to oxidation as follows. [We have found that oxidizing more than 50 mg of material 

results in a decreased yield of the trimer.] 4AT-L was prepared by oxidizing peptide 4AT-Lcc (6 

mM) in 20% aqueous dimethyl sulfoxide (DMSO) in the presence of triethylamine (TEA) (60 

mM) as follows: The dry lyophilized peptide 4AT-Lcc was weighed and then transferred to a 20-

mL scintillation vial and dissolved in an appropriate volume of 20% (v/v) aqueous DMSO to make 
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a 6 mM (13.2 mg/mL) solution of the peptide. An appropriate volume of TEA was added to the 

solution to make a 60 mM solution of TEA. The reaction mixture was incubated on a plate shaker 

at ambient temperature (ca. 25 ºC) for 48 hours. After incubation, the peptide solution was diluted 

with a total of ca. 10 mL of 10% ACN and injected into a Biotage Isolera Liquid Chromatography 

System using a Reverse Phase Biotage Sfär Bio C18 D – Duo 300 Å 20 µm, 25 g column (10–

50% ACN). Fractions that contained the targeted mass by LC/MS with ESI were collected and 

lyophilized for three days. [The monoisotopic mass of 4AT-L is 6594.1362 in the uncharged state. 

The 4AT-L trimer gives a characteristic [M+7H]7+ peak at m/z 943 in the ESI mass spectrum.]  

The peptide was further purified using preparative reverse-phase HPLC on a Rainin 

Dynamax system equipped with a ZORBAX 300SB-C18 7 μm, 21.2 x 250 mm, PrepHT column 

(20–45% ACN over 70 mins) with the HPLC column heated to 60 ºC in a water bath. Pure fractions 

were determined by analytical HPLC with the column heated to 60 ºC and LC/MS with ESI . Pure 

fractions that contained the targeted mass were collected and lyophilized resulting in 4AT-L trimer 

as a TFA salt.  

Mouse and human tissue sectioning 

Mouse brain tissue was sectioned using an HM 430 Sliding Microtome (Cat No. 22-050-

855) with a sharp MX35 ultra microtome blade (REF 3053835). The stage was chilled with 

powdered dry ice. The brain tissue was submerged in powdered dried ice for 5 minutes and then 

mounted coronally with Tissue-Tek O.C.T. Compound (Sakura Finetek). After the mouse brain 

tissue was sectioned at 40 microns, and each slice was transferred with a paintbrush to a 48-well 

plate containing 1 X PBS + 0.02% sodium azide, the plate was then stored at 4 ºC for long-term 

storage (ThermoFisher, Cat. No. 3548).  
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Human occipital cortex was sectioned using a vibratome (Leica VT1000S) at 30 µm. 

Sequential tissue sections were then transferred to a 24-well plate containing 1 X PBS + 0.02% 

sodium azide and were stored at 4 ºC for long-term storage (ThermoFisher, Cat. No. 142485).  

Affinity purification of pAb4AT-L 

Preparation of the Affinity Column. To create the affinity purification column, 300 mg of 

dry NHS-activated agarose (Pierce™ NHS-Activated Agarose, Dry Cat. No. 26197) was added to 

a Bio-Rad Poly-Prep chromatography column (10 mL). The column was then loaded with 2.0 mg 

of 4AT-L trimer dissolved in 4 mL of 20% DMSO in 1 X PBS (pH = 7.4) and was added to the 

10-mL Bio-Rad Poly-Prep chromatography column. The column was placed on a rocker at 

ambient temperature (25 ºC) for 2 ½ hours. The peptide resin conjugate was transferred to a 50-

mL glass Kontes Flex-Column chromatography column (Kimble Chase). The resin was then 

washed 5 X (total column volume) with 1 X PBS followed by 18 MΩ deionized water and 2 X 

(total column volume) with 1 M Tris Buffer (pH = 8.5). An additional column volume of 1 M Tris 

buffer (pH = 8.5) was added, and the column was rocked overnight (ca. 12 hr) at 4°C to quench 

unreacted NHS esters.  

Affinity Purification. For the following steps, all washes were chilled on ice before being 

added to the column. The column was washed 5 X (total column volume) with 1 X PBS (pH = 

7.4). After aspirating the column, the plasma of two rabbits from Pacific Immunology was pooled 

(ca. 50 mL total), syringe filtered through a 0.45 micron hydrophilic PVDF syringe filter (25 mm, 

Millex – HV, REF SLHV033RB), before being added to the column. The column was then placed 

on a rocker overnight (ca. 12 hr) at 4°C. After the overnight incubation, the column was washed 

with 750 mL of  1 X PBS. The elution buffer, 0.2 M glycine buffer (pH = 1.85), was added to the 

column and 1 mL, ca. 20-30 fractions were collected with Eppendorf tubes chilled on ice and filled 
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with 500 µL of 1 M Tris Buffer (pH = 8.5). Fractions were checked for the presence of eluted 

antibodies at 280 nm using the Thermo Scientific NanoDrop One microvolume UV-Vis 

spectrophotometer (Cat. No. 13-400-519). Fractions containing antibodies were pooled, then 

concentrated with a 30 kDA buffer exchange column (Thermo Scientific Pierce™ Protein 

Concentrator PES, 30K MWCO, 5-20 mL, Cat. No. 88529) for a minimum of 6 buffer exchanges 

with 1 X PBS. Success of affinity purifications was measured by ELISA. Affinity purifications 

were performed three times to deplete as much antibody as possible from the plasma. The 

concentrated antibody was then quantified by BCA assay (Thermo Scientific Pierce BCA Protein 

Assay Kit, Cat. No. 23227) per the manufacturer’s instructions. The concentrated antibody was 

then diluted with 1 X PBS + 0.02% sodium azide to a workable concentration and was stored at 4 

ºC for long-term storage. 

Enzyme-linked immunosorbent assays (ELISAs) 

All procedures for this assay were performed in ambient temperature (25 ºC). 96-well flat 

bottom MaxiSorp immunoplates (Thermo Scientific Clear Flat-Bottom Immuno Nonsterile 96-

Well Plates, Cat. No.442404) were coated in triplicate with 50 µL of 2 ng/µL of  4AT-L trimer in 

1 X carbonate buffer (pH = 9.0). The plates were sealed with Axygen AxySeal Sealing Film (REF 

PCR-SP), and placed on a plate shaker overnight. The next day, plates were aspirated, washed with 

100 µL of 1 X PBS + 0.05% Tween 20, rinsed with 18 MΩ deionized water, and aspirated using 

the Fisherbrand accuWash and accuWash Versa plate washer (Cat. No.14-377-577). One complete 

wash cycle consists of aspirating, washing, rinsing, and aspirating the plate. Plates were coated 

with 75 µL of blocking solution, 1% BSA (Bovine Serum Albumin, Fraction V, Heat Shock 

Treated, Fisher BioReagents, Cat. No. BP1600-100) in 1 X PBS, sealed, and then placed on the 

plate shaker for at least 1 hour. Primary antibodies were diluted to 1 µg/mL in 250 µL of blocking 



 

 
74 

solution. Plates were aspirated, washed, rinsed, and aspirated once, then primary antibodies were 

plated in triplicates in the top row of the 96-well plate, followed by a 1:3 dilution down the plate 

in blocking solution. Plates were sealed and incubated on the plate shaker for 2 hours. After 

incubation plates were aspirated, washed, rinsed, and aspirated three times. Plates were coated 

with 50 µL goat-anti-rabbit HRP (1:10,000) (Jackson ImmunoResearch Cat No. 111-035-144) in 

blocking solution, sealed, and incubated on the plate shaker for 1 hour. After incubation, plates 

were aspirated, washed, rinsed, and aspirated three times and developed with 50 µL of TMB/E 

substrate (Millipore, ES001-500ML) followed by 50 µL of 1 M HCl and scanned at 450 nm using 

the Skant It 5.0 Software and Thermofisher Multiskan Go plate reader (Cat. No. N10588). 

Double-label immunofluorescence for plaque phenotyping 

Staining for IBA-1 with pAb4AT-L. Because both IBA-1 and pAb4AT-L were generated in 

rabbits, we performed a three-day staining procedure to prevent antibody cross-reactivity. The first 

day of experiments was performed as previously described with IBA-1 as the diluted primary 

antibody diluted in blocking buffer (1:1000), and incubated at 4 C on a plate shaker overnight (16 

hours). 

The next day, after the primary antibody was aspirated, the tissue was washed twice in 1X 

TBS-A for 5 minutes each. After aspirating the last wash, the tissue was then incubated in blocking 

buffer for 15 minutes. After aspirating the blocking buffer, the tissue was incubated in blocking 

buffer supplemented with 5% normal goat serum and diluted secondary antibody for 1 hour 

(1:1000, Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647, 

Invitrogen, Cat. No. A-21244). For the duration of the experiment, the plate was wrapped in 

aluminum foil to avoid fluorescent quenching. After aspirating the secondary antibody solution, 

the tissue was washed in 1 X TBS-A twice for 5 minutes each. After the last wash was aspirated, 
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the tissue was incubated in blocking buffer for 15 minutes. After the last wash was removed, the 

tissue was washed in 1 X TBS for an additional three times for 5 minutes each. The tissues were 

then transferred with a paintbrush to 20-mL scintillation vials filled with 37% formaldehyde 

(Fisher Chemical, Cat. No. F79-4), then incubated in a water bath at 37 °C for 2 hours. After 

incubating, the tissue was then transferred with a paintbrush back to the 24-well plate with each 

well filled with fresh 1 X TBS. The tissue was then washed three times for 5 minutes each. After 

the last wash, the tissue was then washed 1 X TBS-A for 15 minutes. Once the last wash was 

aspirated, the tissue was incubated in blocking buffer for 30 minutes. A second primary antibody 

solution was prepared in blocking buffer with diluted pAb4AT-L (1:1000). The tissue was then 

incubated in the second primary antibody solution on a plate shaker at 4 C overnight (16 hours). 

 The next day, the second primary antibody solution was aspirated and washed twice in 1 

X TBS-A for 5 minutes each. After the last wash was aspirated, the tissue was then incubated in 

blocking buffer for 15 minutes. Once the blocking buffer was aspirated, the tissue was incubated 

in blocking buffer supplemented with 5% normal goat serum and diluted secondary antibody 

(1:1000) for 1 hour (Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa 

Fluor 488, Invitrogen, Cat. No. A-11008). After aspirating the secondary antibody solution, the 

tissue was washed in 1 X TBS-A twice for 5 minutes each. After the last wash was removed, the 

tissue was washed in 1 X TBS for an additional three times for 5 minutes each. Following the 

aspiration of the last wash, to quench lipofuscin the tissue was then incubated in True black in 70% 

EtOH (as prepared by manufactures instructions) with for 5 mins. Once True black (Gold 

Biotechnology) was aspirated, the tissue was washed in 1 X TBS six times for 5 minutes each. 

With a paintbrush, the tissues were mounted on slides (Fisherbrand Superfrost Plus Microscope 

Slides, 25mm x 75mm x 1.0mm, Glass, Regular Corner, 3/4" SuperFrost Tab, Part Num.  22-037-



 

 
76 

246), coated in mounting media (Vectashield Vibrance® Antifade Mounting Medium with DAPI, 

H-1800), then coverslipped (Globe Scientific 1419-10 Cover Glass, 24 x 60mm, No. 1 Thickness). 

The slides were then placed in a dark location until the slides were dry.  

Staining for GFAP or AT8 with pAb4AT-L. All procedures for preparing the tissue for 

primary antibody incubation were also performed when co-staining with GFAP and pAb4AT-L, and 

AT8 with pAb4AT-L. To prepare the primary antibody solution, diluted GFAP or AT8 (1:1000) with 

diluted pAb4AT-L (1:1000) in blocking buffer. This primary antibody solution was added after the 

tissue was incubated in blocking buffer. The plate containing the tissue was then incubated on a 

plate shaker at 4 C overnight (16 hours). 

 The next day, the tissue was then subjected to procedures similar to the third day of 

experiments listed previously. The primary antibody was aspirated and the tissue was washed in 1 

X TBS-A twice for 5 minutes each. After the last wash was aspirated, the tissue was incubated in 

blocking buffer for 15 minutes. Once the blocking buffer was aspirated, the tissue was incubated 

in blocking buffer supplemented with 5% normal goat serum and diluted in two secondary 

antibodies for 1 hour (1:1000, Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, 

Alexa Fluor 488, Invitrogen, Cat. No. A-11008; Goat anti-Mouse IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor 647, Invitrogen, Cat. No. A-21235). The rest of the procedure 

was performed as previously described after the secondary antibody solution was aspirated.  
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Supplemental Figure S2.1  

Characterization data of peptide monomer 4AT-Lcc and cross-linked trimer 4AT-L 

Characterization of 4AT-Lcc 
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Characterization of 4AT-L  
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Succession of isolating 4AT-L specific antibodies through affinity purification by ELISA. 

Supplemental Figure S2.2 ELISA graph demonstrating the recognition of affinity purified 4AT-

L with 4AT-L peptide and serum depleted of antibodies recognizing the 4AT-L trimer. 
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4AT-L pAb recognition of Aβ plaques on human brain tissue is blocked with the addition 

of the 4AT-L trimer. 

 

Supplemental Figure S2.3 Immunohistochemistry micrographs of brain sections from a person 

who lived with LOAD that was either stained with (A) pAb4AT-L with the 4AT-L trimer 

(preabsorbed) or (B) pAb4AT-L. All images were acquired at 40X; the scale bar is 50 μm. 
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4AT-L pAb recognition is not affected by antibody order. 

 

Supplemental Figure S2.4. Immunofluorescence micrographs comparing the staining quality of 

Aβ plaques by swapping antibody order of addition between four commercially available anti-

Aβ antibodies and pAb4AT-L to brain slices from a person who lived with LOAD. The left column 

shows the staining of the primary antibody (and respective secondary antibody) that was added 

to the brain slice; the middle column shows the staining of the second primary antibody (and a 

respective secondary antibody) that was added to the brain slice; the right column shows the 

corresponding overlay, as well as the staining of cell nuclei by DAPI (blue). (A-C) shows the 

staining of Aβ plaques when 6E10 (magenta) was added to the brain section first before the 

addition of pAb4AT-L (green); (D-F) shows the staining of Aβ plaques when 4G8 (magenta) was 

added to the brain section first before the addition of pAb4AT-L (green); (G-I) shows the staining 

of Aβ plaques when 11A10-B50 (magenta) was added to the brain section first before the 

addition of pAb4AT-L (green); (J-L) shows the staining of Aβ plaques when 12F4 (magenta) was 

added to the brain section first before the addition of pAb4AT-L (green); (M-O) shows the staining 

of Aβ plaques when pAb4AT-L (green) was added  to the brain section first before the addition of 

4G8 (magenta). All images were acquired at 40X; the scale bar is 50 μm.  
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4AT-L pAb recognition is consistent despite the exchange of fluorophores. 

 

Supplemental Figure S2.5. Immunofluorescence micrographs comparing the staining of Aβ 

plaques and cerebral amyloid angiopathy (CAA) by pAb4AT-L to 4G8 with swapped fluorophores 

in brain slices from a person who lived with LOAD. The left column shows the staining of 4G8 

(green); the middle column shows the staining of pAb4AT-L (magenta); the right column shows 

the corresponding overlay, as well as the staining of cell nuclei by DAPI (blue). (A-C) are 

images of Aβ plaques stained by the coincubation with 4G8 and pAb4AT-L; (D-F) are images of 

CAA stained by the coincubation with 4G8 and pAb4AT-L. All images were acquired at 40 X; the 

scale bar is 50 μm. 
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Supplemental Table S2.1. 

Table of Antibodies and Reagents  

Item Supplier Cat No Storage Concentration for IF 

and IHC 

Application 

Peroxidase AffiniPure Goat 

Anti-Rabbit IgG (H+L) 

Jackson 

ImmunoResea

rch 

111-035-144 -80 °C 1: 5000 ELISA 

500 ml TMB/E Single 

Reagent, Blue color, 

Horseradish 

Peroxidase Substrate 

Millipore ES001-500ML 4 °C 50 uL per well ELISA 

Thioflavine S (Practical 

Grade) 

Sigma-Aldrich T1892-25G RT 0.5% in 50% EtOH IF 

TrueBlack™ Lipofuscin 

Autofluorescence Quencher 

GoldBiotechn

ology 

TB-250-1 RT 50 uL per 1 mL of 

70% EtOH 

IF 

88% formic acid (Certified 

ACS) 

Fisher 

Chemical, 

A118P-100 RT 88% IHC and IF 

Normal goat serum Vector 

laboratories 

REF S-1000 4 °C 5% (v/v) IHC and IF 

Goat anti-Rabbit IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor™ 

488 

 

Invitrogen 

 

A-11008 

 

4 °C 

1:1000 IF 

Goat anti-Rabbit IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor™ 

647 

 

Invitrogen 

 

A-21244 

4 °C 1:1000 IF 

Goat anti-Mouse IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor™ 

647 

 

Invitrogen 

A-21235 4 °C 1:1000 IF 

Goat anti-Mouse IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor™ 

488 

Invitrogen A-11001 4 °C 1:1000 IF 

Anti-β-Amyloid, 1-16 

[6E10] 

BioLegend 803015 -20 °C 1:1000 IF 
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Anti-β-Amyloid, 17-24 

[4G8] 

BioLegend 800708 4 °C 1:1000 IF 

β-Amyloid 1-40, [11A50-

B10] 

BioLegend 805404 4 °C 1:1000 IF 

Purified anti-β-Amyloid,1-

42 Antibody [12F4] 

BioLegend 805509 4 °C 1:1000 IF 

Phospho-Tau (Ser202, 

Thr205) Monoclonal 

Antibody (AT8) 

Invitrogen MN1020 -20 °C 1:1000 IF 

GFAP Antibody Abcam ab4648 -20 °C 1:1000 IF 

Anti-IBA-1 (for ICC) Wako 019-19741 -20 °C 1:1500 IF 

37% Formaldehyde Fisher 

Chemical 

F79-4 RT N/A IF 

DAPI Fluoromount-G 

Mounting Medium 

Southern 

Biotech 

0100-20 4 °C N/A IF 

VECTASHIELD Vibrance® 

Antifade Mounting Medium 

with DAPI 

 

Vector 

laboratories 

 

H-1800 

 

N/A 

 

N/A 

IF 

DPX Mounting Media Sigma-Aldrich SKU 06522x RT N/A IHC 

Vectastain Elite ABC-HRP 

Kit Peroxidase 

Vector 

Laboratories 

PK-6100  

4 °C 

Manufacturer’s 

instructions 

IHC 

DAB Substrate Kit, 

Peroxidase (HRP), with 

Nickel 

Vector 

Laboratories 

SK-4100 4 °C Manufacturer’s 

instructions 

IHC 

Normal Horse Serum Vector 

Laboratories 

REF S-2000 4 °C 5% (v/v) IHC 

Horse Anti-Rabbit IgG 

Antibody (H+L), 

Biotinylated 

Vector 

Laboratories 

BA-1100-1.5 4 °C 1:1000 IHC 

1% Cresyl Violet Abcam ab246817 4 °C 0.1% IHC 
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Supplemental Table S2.2  

Magnification and channel settings for images in the main body of the manuscript  

  

Figure    Magnification DAPI Channel  GFAP Channel Cy5 Channel  

2A 4X  stitch – 1/50s – 

2B-D 20 X – 1/50s – 

3A-C 20 X 1/500s 1/200s 1/150s 

5A-B 40 X – 1/50s 1/15s 

5C 40 X 1/120s 1/50s 1/15s 

5D-E 40 X – 1/50s 1/80s 

5F 40 X 1/120s 1/50s 1/80s 

5G-H 40 X – 1/50s 1/15s 

5I 40 X 1/120s 1/50s 1/15s 

5J-K 40 X – 1/50s 1/12s 

5L 40 X 1/120s 1/50s 1/12s 

6A-B 40 X – 1/50s 1/1.7s 

6C 40 X 1/120s 1/50s 1/1.7s 

6D-E 40 X – 1/50s 1/6s 

6F 40 X 1/120s 1/50s 1/6s 

6G-H 40 X – 1/30s 1/15s 

6I 40 X 1/120s 1/30s 1/15s 

7A-B 40 X – 1/50s 1/12s 

7C 40 X 1/120s 1/50s 1/12s 

7D-E 40 X – 1/50s 1/50s 

7F 40 X 1/120s 1/50s 1/50s 

7G-H 40 X – 1/30s 1/20s 

7I 40 X – 1/30s 1/20s 

7J-K 40 X – 1/30s 1/20s 

7L 40 X 1/120s 1/30s 1/20s 
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Supplemental Table S2.3 

Z-stack settings for images in the main body of the manuscript   

 

Figure Current Setting Upper Limit Lower Limit Pitch Images 

2B-D, 3A-C 2741.9 2745.7 2725.1 0.6 um 35 

5A-C 2936.0 um 2939.6um 2932.4 um 0.3 um 25 

5D-F 2760.4 um 2764 um 2756.8 um 0.3 um 25 

5G-I 2703.1 um 2706.7 2699.5 0.3 um 25 

5J-L 2792.4 um 2796.0 2788.8 0.3 um 25 

6A-C 2708.7 um 2710.6 2706.8 0.3 um 25 

6D-F 2755.0 2758.6um 2751.4 um 0.3 um 25 

6G-I 2785.7 2789.3um 2782.1 um 0.3 um 25 

7A-C 2691.7 um 2702.5 um 2689.0 um 0.6 um 24 

7 D-F 2792.7 2799.0 um 2788.2 um 0.6 um 18 

7G-I 2687.0 2690.0 um 2683.4 um 0.6 um 19 

7J-L 2755.2 um 2758.7um 2751.6 um 0.6 um 15 
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Supplemental Table S2.4 

Shadow and brightness adjustments for images in the main body of the manuscript  

 

 

 

 

 

  

Figure Shadow 

(Green) 

Shadow 

(Magenta) 

Shadow 

(Blue) 

Shadow 

(Combo) 

Brightness 

2A – – – – – 

2B-D 9 – – – 190 

3A-C 9 2 1 – 190 

5A-B 8 7 – – 160 

5C – – – 9 160 

5D-E – – – 9 160 

5F – – – 9 160 

5G-H 8 7 – – 160 

5I – – – 9 160 

5J-K – – – 9 160 

5L – – – 9 160 

6A-B 5 12 1 – 145, 160,110 

6C – – – 19 160 

6D-E 5 12 20 – 80, 160, 160 

6F – – – 20 160 

6G-H 7 6 1 – 160 

6I – – – 14 160 

7A-B 8 9 – – – 

7C – – – 19 – 

7D-E 2 – – – – 

7F – – – 5 – 

7G-H 10 5 – – – 

7I – – – 19 – 

7J-K 10 5 – – – 

7L – – – 18 – 
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Supplemental Table S2.5 

Magnification and channel settings for images in the supplemental information    

 

 

 

 

 

 

 

 

 

  

Supplemental 

Figure 

Magnification DAPI Channel 

Exposure 

GFAP Channel 

Exposure 

Cy5 Channel 

Exposure 

S3, A  – – – – 

S3, B  – – – – 

S3, C 20x – – – 

S4, A and B 40x 1/120s 1/50s 1/15s 

S4, C 40x 1/120s 1/50s 1/15s 

S4, D and E 40x – 1/50s 1/50s 

S4, F 40x 1/120s 1/50s 1/50s 

S4, G and H 40x – 1/50s 1/15s 

S4, I 40x 1/120s 1/50s 1/15s 

S4, J and K 40x – 1/80s 1/25s 

S4, L 40x 1/120s 1/80s 1/25s 

S4, M and N 40x – 1/50s 1/50s 

S4, O 40x 1/120s 1/50s 1/50s 

S5, A and B  40x – 1/120s 1/25s 

S5, C 40x 1/120s 1/120s 1/25s 

S5, D and E 40x – 1/120s 1/30s 

S5, F 40x 1/120s 1/120s 1/30s 
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Supplemental Table S2.6 

Z-stack settings for images in the main body of the supplemental information    

 

  

Figure Current Setting Upper Limit Lower Limit Pitch Images 

S3, A  – – – – – 

S3, B 2781.2 2784.8 2777.6 0.3 25 

S3, C 2760.5 2764.4 2756.9 0.3 25 

S4, A-C 2704.1 um 2707.7um 2700.5um 0.3 um 25 

S4, D-F 2747.6um 2751.2um 2744 um 0.3 um 25 

S4, G-I 2880.8 2884.4 2877.2 0.3 25 

S4, J-L 2835 um 2838.6um 2831.4um 0.3 um 25 

S4, M-O 2703.8 2706.6 2699.4 0.3 um 22 

S5, A-C 2748.2 um 2757.8um 2744.6 um 0.3 25 

S4, D-F 2737.1 2741.6 2731.7 0.6 18 
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Supplementary Table S2.7 

Shadow and brightness adjustments for images in the supplemental information    

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

  

Supplemental 

Figure 

Shadow 

(Green) 

Shadow 

(Magenta) 

Shadow 

(Blue) 

Shadow 

(Combo) 

Brightness 

S3, A  – – – – – 

S3, B  – – – – – 

S3, C – – – 23 156 

S4, A and B 0 4 –  160, 160  

S4, C – – – 6 160 

S4, D and E 7 – – – 160 

S4, F – – – – – 

S4, G and H 5 – 4 – 160,160 

S4, I – – – 11 160 

S4, J and K 5 4 – – 160, 160 

S4, L – – – 13 – 

S4, M and N 2 – – – 160 

S4, O – – – 5 – 

S5, A and B  – 3 –  160 

S5, C – 3 – 9 160, 160 

S5, D and E 5 – – – 160 

S5, F – – – 9 177 
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Chapter 3b 

 

Current Peptide Vaccine and Immunotherapy Approaches 

Against Alzheimer’s Disease 

Introduction 

Alzheimer’s disease (AD) is the most common form of dementia, affecting ca. 6.2 million 

Americans.1 It is expected to increase to 13.8 million by 2060. Four cognition-enhancing drugs 

have been used to treat the symptoms of AD, by inhibiting cholinesterase (rivastigmine, 

galantamine, and donepezil) or targeting the NMDA receptor (memantine).2 Psychotropic agents 

have also been used to treat behavioral disturbances. These small-molecule drugs do not prevent 

the inevitable decline associated with AD but only mitigate the symptoms.2 There are currently no 

therapeutic agents that substantially alter the progression of the disease in the growing number of 

patients diagnosed with AD. Peptide vaccines and immunotherapies with monoclonal antibodies 

have thus far demonstrated promise in slowing the cognitive decline associated with AD. Vaccines 

involve administration of an antigen associated with the disease. The annual flu shot or the Johnson 

& Johnson vaccine against COVID-19 are typical examples. In vaccination, a patient’s immune 

system is trained to produce antibodies against a pathogen or molecule associated with the disease.  

Immunotherapies involve administration of exogenously produced antibodies that 

recognize molecules or pathogens associated with the disease. HUMIRA is a monoclonal antibody 

that neutralizes tumor necrosis factor α (TNFα) to reduce inflammation associated with rheumatoid 

 
b aThis chapter is adapted from Parrocha, C. M. T.; Nowick, J. S. Pept. Sci. 2022, e24289  
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arthritis and other inflammatory disease. Immunotherapy does not involve training the immune 

system, but instead just provides the antibodies needed to treat the disease.  

The vaccines and immunotherapies that have been pursued thus far for AD have focused 

on sequestering and clearing the aggregating peptides and proteins involved in the pathogenesis 

and progression of the disease, the β-amyloid peptide (Aβ) and tau. In AD, Aβ aggregates to form 

fibrils and plaques in the brain3, and hyperphosphorylated tau aggregates to form neurofibrillary 

tangles.4 Aβ, tau, and peptide fragments thereof have been used in peptide vaccine and 

immunotherapy development against AD. This review will cover the design and development of 

peptide vaccines and immunotherapies with a peptide or protein that contributes to the progression 

and pathogenesis of AD. 

β-Amyloid Peptide Vaccines 

The earliest Aβ peptide vaccine, AN-1792, consisted of the Aβ1–42 peptide formulated with 

the QS21 adjuvant.5 The AN-1792 vaccine was designed to train the immune system to generate 

antibodies that target and sequester endogenous Aβ and thus prevent the formation of Aβ plaques 

in the brain and the associated cognitive decline. 

Even though the AN-1792 vaccine showed promising safety and tolerability in a phase I 

clinical trial which began in 2001, the vaccine failed two years later in a phase II clinical trial 

because it induced meningoencephalitis, a form of brain inflammation.6 Subsequent studies have 

suggested that the QS21 adjuvant may have exacerbated the inflammatory T-cell response — a 

Th-1 response — that produced the meningoencephalitis.3 Epitope mapping and additional studies 

of Aβ1–42 further established that the central region, between residues 14 and 34, induces a Th-1 

response.6,7 In contrast, the N-terminal region of Aβ, between residues 1 and 15, induces the 
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production of antibodies against Aβ through a B-cell response — a Th-2 response.6,7 A follow-up 

study, performed 14 years after the phase I clinical trial, showed plaque removal associated with 

the antibodies that AN-1792 induced.7,8 Although the AN-1792 peptide vaccine failed in clinical 

trials, it inspired the second generation of Aβ peptide vaccines.  

Nine Aβ peptide vaccines have subsequently entered clinical trials (Supplemental Table 

S3.1). Figure 3.1 summarizes the four most promising peptide vaccine candidates tested in at least 

phase II clinical trials (CAD-106, ACI-24, ABvac40, and UB-311) and illustrates the region of Aβ 

that was used as an antigen and the means of antigen presentation. Most of the second-generation 

peptide vaccines were designed with the N-terminus of Aβ to direct a Th-2 response while not 

inducing a Th-1 response, thus building on the lessons learned from the failure of the AN-1792 

peptide vaccine.  

 

Figure 3.1. Four Aβ peptide vaccines that have advanced to phase II clinical trials. (A) CAD106, 
(B) ACI-24, (C) ABvac40, and (D) UB-311. The figure was designed by Chelsea Marie T. 

Parrocha and created with BioRender.com. 
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CAD-106 (Amilomotide: Novartis Pharmaceuticals) is the only AD peptide vaccine to 

enter phase II/III clinical trials. CAD-106 contains Aβ1–6 followed by a three amino acid spacer 

(GGC) conjugated to an E. coli RNA phage Qβ virus-like particle (VLP) delivery system.9 The 

VLP promotes multivalent antigen presentation of Aβ peptide fragments (Figure 3.1 A). The 

peptide vaccine was well tolerated and generated an immune response. In a phase IIB clinical trial, 

PET imaging studies showed a decrease of plaques in patients treated with CAD-106 for 78 

weeks.10 In a separate phase II/III clinical trial, the efficacy of CAD-106 was compared to a small-

molecule inhibitor of beta-secretase-1 (BACE-1). Although no cases of meningoencephalitis with 

CAD-106 occurred,7 the trial was ended prematurely because of adverse effects in the control 

(BACE-1) group and further development of CAD-106 was discontinued.11,12  

ACI-24 (AC Immune) is designed to avoid eliciting a Th-1 response to Aβ. ACI-24 is made 

from Aβ1–15 anchored to a liposome by tetra-palmitoylated lysine followed by a polyethylene 

glycol spacer on each end which allows anchoring to liposomes (Figure 3.1 B).13 This liposome 

peptide delivery system, termed a SupraAntigen platform, was developed by AC Immune.14 CD 

spectroscopy established that the anchored peptide adopts an ordered β-sheet conformation and 

thus indicates that the antigen is conformationally defined.13 In 2016, ACI-24 was the first Aβ 

peptide vaccine used against AD in Down syndrome.15 Although a phase II clinical trial was 

scheduled to be completed in 2024, the trial was withdrawn in 2021 to continue optimizing vaccine 

formulation and improve study design.15,16  

ABvac40 (Axon Neuroscience SE) is designed to target the C-terminus of Aβ1–40. Aβ1–40 

is the predominant alloform of Aβ, and elevated levels of Aβ40 are correlated with AD severity.17 

This peptide vaccine contains Aβ33–40 conjugated with the carrier protein keyhole limpet 
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hemocyanin (KLH) (Figure 3.1 C) . In a phase I clinical trial, 11 out of 12 immunized patients 

produced antibodies against Aβ1–40. None of the patients developed amyloid-related imaging 

abnormalities (ARIA), involving edema (ARIA-E), microhemorrhage (ARIA-H), or other signs of 

brain pathology.17 A phase II clinical trial is currently ongoing and is expected to be completed by 

the end of 2022.18 

UB-311 (Vaxxinity) targets the N-terminus of Aβ and is made with the UBITh platform 

technology developed by United Biomedical.19,20 UB-311 contains a mixture of two different Aβ1–

14 peptide antigens, both designed to induce a helper T-cell response (Figure 3.1 D).21 In one, Aβ1–

14 is linked to measles virus fusion protein (MVF288–302); in the other, Aβ1–14 is linked to the surface 

antigen from a hepatitis B virus (HBsAg19–33). These peptide conjugates are mixed with 

polyanionic CpG oligodeoxynucleotide to form micron-sized immunostimulatory complexes and 

then with the Adju-Phos adjuvant to create a Th-2 biased peptide vaccine.21 In phase I, IIA, and 

IIB clinical trials, patients treated with UB-311 tolerated the peptide vaccine and did not show any 

signs of ARIA-E.22 Although phase II clinical trials were terminated in 2019 due to a treatment 

design error, there are plans for an additional phase IIB clinical trial.23,24  

Tau Peptide Vaccines 

Tau peptide vaccines were developed in response to the discouraging outcomes of earlier 

Aβ peptide vaccines and immunotherapies. The AN-1792 peptide vaccine showed modest 

clearance of tau and immunotherapies that target Aβ failed to significantly alter cerebrospinal fluid 

(CSF) levels of tau.4 Preclinical studies have focused on developing tau peptide vaccines against 

pathological forms of tau. However, identifying epitopes that produce therapeutic antibodies 

specific to pathological forms of tau remains challenging. Figure 3.2 summarizes the two tau 
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peptide vaccine candidates tested in clinical trials (ACI-35 and AADvac1) and illustrates the 

regions of tau used as antigens and the means of antigen presentation.  

 

Figure 3.2. Two tau peptide vaccines that have advanced to phase II clinical trials. (A) ACI-35, 

(B) AADvac1. The figure was designed by Chelsea Marie T. Parrocha and created with 
BioRender.com. 

One of the first tau peptide vaccines was created by Asuni and co-workers in 2007 and was 

tested in an AD tau mouse model.25 The vaccine consists of tau393–408 with phosphorylated serine 

at positions 396 and 404 in Adju-Phos adjuvant. P301 transgenic AD mice immunized with the 

vaccine showed decreased aggregated tau in the brain, increased anti-tau antibody titers, and 

slowed cognitive decline. The same peptide epitope was then used to create the ACI-35 vaccine, 

which is one of only two tau peptide vaccines to enter clinical trials.25 This tau peptide vaccine 

was created with the same liposome-based vaccine technology used to make ACI-24.26 

In ACI-35 (AC Immune and Janssen), AC Immune’s SupraAntigen platform takes the 

phosphorylated tau398–408 peptide and flanks the peptide by pairs of lipid-bearing lysine residues 

thus anchoring the peptide to the liposome (Figure 3.2 A). CD spectroscopy established that the 

anchored peptide adopts an ordered β-sheet conformation and thus indicates that the antigen is 

conformationally defined.27 Phase IB clinical trials in 2013 tested AC1-35 for safety, tolerability, 

and therapeutic efficacy. The vaccine formulation elicited only a weak immune response, even 
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with the administration of booster shots.27,28 An improved formulation of the vaccine was 

subsequently designed, ACI-35.030, with a second adjuvant and helper T-cell epitopes. The 

ACI-35.030 vaccine provided increased immune response in rhesus monkeys. Phase IB/IIA 

clinical trials began in August 2019, and results thus show high titers and antibodies specific for 

phosphorylated tau and aggregated tau.29,30 

AADvac1 (Axon Neuroscience) was inspired by epitopes recognized by the tau antibody, 

DC8E8.31,32,33 Epitope mapping studies, competition assays, and X-ray crystallography revealed 

that DC8E8 binds to the amino acid sequence HXPGGG, which is found in the microtubule 

binding region of the 3R and 4R tau isoforms.4 In AADvac1, tau294–395 of the microtubule binding 

region is conjugated to KLH and formulated with Adju-Phos adjuvant (Figure 3.2 B).34 Tau 

transgenic rats that were immunized with AADvac1 exhibited a Th-2 immune response and high 

levels of anti-tau antibodies. In 2013 phase I clinical trial, patients developed titers against 

AADvac1 and had no signs of brain inflammation.35,36 Phase II clinical trials ended in 2019 and 

assessed for long-term safety, tolerability, and efficacy in patients.37,38 AADvac1 was safe and 

well-tolerated but did not demonstrate improvement in cognitive impairment.39  

β-Amyloid Immunotherapies  

Two decades of effort have led to the controversial FDA approval of the Aβ monoclonal 

antibody Aducanumab (Aduhelm), which has subsequentially sparked the revival of three 

additional monoclonal antibodies against Aβ (Gantenerumab, Solanezumab, and Crenezumab) 

that were previously terminated in the drug pipeline. Two additional anti-Aβ monoclonal 

antibodies, Donanemab and Lecanemab, are now in phase III clinical trials. Figure 3.3 illustrates 

the antigen that was used to generate each of these monoclonal antibodies. Additional details are 

summarized in Table S3.2. 



 

 
104 

 

Figure 3.3. Derivation of six Aβ immunotherapies. (A) Aducanumab, (B) Gantenerumab, (C) 
Solanezumab, (D) Crenezumab, (E) Lecanemab, and (F) Donanemab. The figure was designed 
by Chelsea Marie T. Parrocha and created with BioRender.com. 

 

Aducanumab (Aduhelm: Biogen, Eisai, Neurimmune) was derived from B-cells of healthy 

elderly donors that display antibodies that recognize aggregated Aβ (Figure 3.3 A), and its 

discovery was driven by the rationale that the cognitively normal patients had antibodies that could 

benefit AD patients.40 The FDA approved Aducanumab in June 2021 as the first drug in its class 
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to treat AD.41 The approval was controversial, because Aducanumab had only marginal effects on 

cognitive impairment despite clearing plaques, and because it displayed side effects in a large 

percentage of patients (ARIA, confusion, dizziness, nausea, and headache).42,43,44,45,46 For these 

reasons, Aducanumab has not been widely adopted as a treatment for AD and has been rejected 

by many medical providers,47 insurance companies,48,49 and international drug and regulatory 

agencies.50 Biogen plans to submit a final protocol to perform phase IV clinical trials for FDA 

review. The approval of Aducanumab has revived previously terminated monoclonal antibodies 

and reinvigorated efforts to develop immunotherapies against AD.51  

Gantenerumab (Roche and Chugai Pharmaceutical) was generated to target and sequester 

Aβ plaques by stimulating microglia to clear Aβ through phagocytosis. Gantenerumab was created 

from a synthetic human antibody phage display library and in vitro maturation on Aβ fibrils 

(Figure 3.3 B).52 In October 2021, the FDA granted accelerated development and review in a 

fashion similar to Aducanumab.53 Two active phase III clinical trials54,55 and one phase II56 clinical 

trial are currently underway to assess the efficacy of Gantenerumab, with the phase II clinical trial 

and one of the phase III clinical trials55 assessing in prodromal or mild AD patients. Two open-

label phase III clinical trials are actively recruiting patients and are expected to end in 202457 and 

2026.58 Washington University in St. Louis has initiated a collaboration with Roche to test 

Gantenerumab on patients with mutations that cause AD at as young as 30 years old, making it the 

first monoclonal antibody to be tested in such a young demographic of patients.59  

Solanezumab (Eli Lilly) is a humanized IgG1 monoclonal antibody against Aβ that was 

derived from a murine precursor raised against the central region of Aβ. The murine antibody was 

generated by immunizing mice with Aβ13-28 conjugated to an anti-mouse CD3ε antibody using the 

heterobifunctional crosslinker MBS and formulated in Freund’s complete adjuvant (Figure 3.3 
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C).60 Although four phase III clinical trials were completed in 201261,62 and terminated in 2017,63,64 

one phase III clinical trial assessing the efficacy in slowing plaque production and cognitive 

impairment will be completed in 2023.68 Phase II/III clinical studies comparing the efficacy of 

Gantenerumab and Solanezumab showed that these monoclonal antibodies failed to reverse 

cognitive impairment.69 Despite these previous results, another trial is recruiting patients and is 

expected to be completed in 2022.70  

Crenezumab (Genentech and Roche) is a humanized IgG4 antibody selected to target Aβ 

while preventing over-activation of microglia-mediated brain inflammation.65 Crenezumab was 

generated by immunizing AD transgenic mice with an Aβ peptide displayed on AC Immune’s 

SupraAntigen platform (Figure 3.3 D).65,13,27 Three phase III clinical trials were terminated in 2019 

because interim analysis suggested that the treatment was unlikely to meet clinical 

endpoints.66,67,68,69 Current efforts in accessing the therapeutic potential of Crenezumab have 

shifted to patients with familial AD. A phase II clinical trial evaluating the safety and efficacy of 

Crenezumab in familial AD patients began in 2013 and is expected to be completed in 2022.70 A 

subsequent phase II clinical trial using PET imaging to access for tau burden in treated patients 

was initiated in 2019. This study is continuing to recruit patients and is planned to be completed 

by March 2022.71 

Lecanemab (Biogen, Eisai, and BioArctic) is an IgG1 monoclonal antibody against Aβ that 

was derived from a murine antibody generated against the “Arctic” mutation E22G of Aβ, which 

leads to high levels of fibrils without plaque deposition.72,73,74,75 The murine antibody was created 

by immunizing mice with E22G Aβ fibrils in Freund’s complete adjuvant (Figure 3.3 E).75 In a 

phase IIB clinical trial, which is expected to be completed by 202576, treatment reduced 93% of 

plaques and slowed cognitive decline by 27–56%, as assessed by multiple statistical models.77 A 
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phase III clinical trial is ongoing accessing safety and efficacy in patients with early AD and is 

expected to end in 2024.78 Two weeks after the FDA approval of Aducanumab, the FDA granted 

accelerated approval of Lecanemab in early AD.79 The FDA subsequently granted “Fast Track 

Designation” to further expedite development.80 Phase II/III clinical trials are currently assessing 

patients with familial AD receiving either the Aβ antibody Lecanemab or the tau antibody E2814 

and are expected to end October 2027.81,82 

Donanemab (Eli Lilly) is the humanized IgG1 monoclonal antibody of a murine antibody 

that was developed to specifically target existing Aβ plaques, rather than prevent plaque 

development. In contrast to previous Aβ monoclonal antibodies, the mice were immunized with a 

pyroglutamate form of Aβ found in aggregated Aβ (Aβp3-42 peptide, Figure 3.3 F).83 Donanemab 

is currently in a phase III clinical trial assessing AD patients with prodromal to mild AD84 and has 

been granted accelerated approval, in a fashion similar to Aducanumab and Lecanemab.85 Two 

additional phase III clinical trials are recruiting patients, with one trial treating patients at risk of 

cognitive decline with AD86 and the other comparing plaque clearance in patients treated either 

with Donanemab or Aducanumab.87 

Tau Immunotherapies  

Monoclonal antibody immunotherapies against tau are starting to show promise in treating 

AD, with four notable examples in or about to be in phase II clinical trials (Semorinemab, JNJ-

63733657, E2814, and Bepranemab). Figure 3.4 illustrates the antigen that was used to generate 

each of these monoclonal antibodies. Additional details are summarized in Supplemental Table 

S3.3 
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Figure 3.4. Derivation of four tau immunotherapies. (A) Semorinemab, (B) JNJ-63733657, (C) 
E2814, and (D) Bepranemab. The figure was designed by Chelsea Marie T. Parrocha and created 

with BioRender.com. 

 

Semorinemab (AC Immune SA, Genentech, and  Roche) is a humanized IgG4 antibody 

against tau that was designed to reduce microglia-mediated brain inflammation though mutation 

of the Fc region. Its murine precursor was derived from oligomers generated from recombinant 

full-length human tau isoform 2N4R (Figure 3.4 A).88,89 In a 2017 phase II clinical trial, 0.3% of 

Semorinemab was found to enter the CSF, and the concentration of N-terminal tau in the CSF 

increased, suggesting that the antibody was targeting tau.90,91 Nevertheless, Semorinemab did not 

decrease markers of neurodegeneration and inflammation.95 The launch of a phase III clinical 

trial is pending on results from a separate 2019 phase II clinical study that will be completed in 

2023.92  
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JNJ-63733657 (Janssen) is a humanized IgG1 monoclonal antibody that was selected for 

targeting the microtubule-binding region of tau and disrupting cell-to-cell propagation of 

aggregated tau.93,73 Its murine precursor was derived by immunizing mice with tau paired-helical 

filaments isolated from AD human brain (Figure 3.4 B).81,98 JNJ-63733657 was tested in two 

phase I clinical trials. The 2017 phase I clinical trial reported the monoclonal antibody to be safe 

and well tolerated. The 2019 phase I clinical trial reported ~0.2% of JNJ-63733657 entering into 

the CSF and a dose-dependent reduction of pS217 tau.94 A phase II clinical trial began in January 

2021 and is expected to run until 2025.95  

E2814 (Eisai) is a humanized IgG1 monoclonal antibody that was selected for its affinity 

to the microtubule binding region of tau.96 Its murine precursor was generated by immunizing 

transgenic mice with two 19-mer peptide fragments from the 4R tau isoform that is essential for 

tau seeding and aggregation. The fragments (G273–C291 and N296–D314 with an N-terminal cysteine) 

contain the R2 and R3 repeats and are designed to present key epitopes and to co-assemble and 

thus minimize further aggregation. The fragments were conjugated to KLH and administered with 

Freund’s complete adjuvant (Figure 3.4 C).96 A phase I clinical trial began in December 2019 and 

is expected to be completed in November 2022.97 A phase I/II clinical trial began in June 2021 and 

is currently recruiting patients.98 

Bepranemab (UCB Biopharma SRL) is a humanized IgG4 monoclonal antibody selected 

for its efficacy in blocking human tau seeds in vitro and was generated by immunizing Sprague–

Dawley rats with fibrils of recombinant tau (Figure 3.4 D).25,99 Bepranemab was originally tested 

in phase I clinical trials for safety, tolerability, and efficacy against progressive supranuclear 

palsy.100,101 It is now being tested in a phase II clinical trial for AD, which is expected to be 

completed in 2025.102 
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Conclusion and Perspective  

More than two decades of effort to develop peptide vaccines and  monoclonal antibody 

immunotherapies that target Aβ and tau have revealed that there is much left to be explored to 

create safe and effective peptide vaccines and immunotherapies against AD. Although peptide 

vaccines may hold the ultimate promise of being widely administered to prevent AD, their 

development has proven challenging because of adverse reactions such as ARIA. 

Immunotherapies are currently showing the most immediate promise in spite of being costly and 

requiring repeated intravenous administration. Aducanumab currently costs $56,000 per year,48,49 

requires high dosing (10 mg/kg) every 4 weeks,103 has marginal efficacy, and risks inducing ARIA. 

It is now thought that beginning treatment early is important for slowing or preventing the decline 

associated with AD.104 For this reason, some of the current clinical trials are focusing on patients 

with mild or prodromal AD. Other clinical trials have focused on younger patients who are at risk 

of familial AD59 or who have Down syndrome.15  

A major limitation of the immunotherapies that have been developed thus far is that 

antibodies do not easily cross the blood-brain barrier and only small amounts (<1%) of the 

antibodies administered enter the brain. New technology for antibody delivery to the brain may 

allow the development of more efficacious immunotherapies. Antibodies that bind to the 

transferrin receptor can cross the blood-brain barrier by transcytosis, binding to the transferrin 

receptor and then being transported across the epithelial cells lining blood vessels in the brain.105 

Roche has thus created a derivative of Gantenerumab (RO7126209) that enters the CSF with 

eightfold greater efficacy by conjugating Gantenerumab to a Fab fragment that binds to the 

transferrin receptor. In phase I clinical trials, this bioconjugate showed no signs of inducing 

ARIA.106 Phase IB/IIA clinical trials are ongoing and are expected to be completed by 2024.107 
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Other approaches to targeting the transferrin receptor for improved transport of antibodies have 

also been developed.128 

Additional improvements in immunotherapies may emerge. Apolipoprotein E (APOE) is 

another promising target for monoclonal antibody immunotherapies in AD that has begun to be 

explored in preclinical trials.108,109,110 Combination therapies involving multiple immunotherapies 

or immunotherapies in combination with other drugs are also being explored.111,81 

Even if monoclonal antibody immunotherapies become safer and more efficacious, it is 

unlikely that they will be widely administered at an early enough age to prevent AD, because they 

will likely require repeated intravenous administration starting in middle age. In this sense, 

immunotherapies are unlikely to ever be used widely, like drugs for high blood pressure or high 

cholesterol. Nevertheless, monoclonal antibody immunotherapies are likely to continue to be 

developed, we hope with increased efficacy. In the long run, we hope that safe and efficacious 

peptide vaccines can be created for prophylaxis in the broad population of middle-aged adults.  

Patients receiving Aβ peptide vaccines are typically immunized with the N-terminus of Aβ 

because it is a B-cell epitope. Although the middle region of Aβ, between residues 16 and 32, has 

been avoided out of concerns that it can induce a Th-1 response, it deserves further study, 

particularly as the development of Th-2 biased vaccine formulations continues to advance.3 This 

region of Aβ can present unique peptide epitopes in loop-like conformations when folded into β-

hairpins, which are thought to make up the toxic amyloid oligomers associated with 

neurodegeneration.112–114 Peptide vaccines containing the middle region of Aβ in β-hairpin 

conformations may thus lead to conformation-specific antibodies with potential to bind and 

detoxify these amyloid oligomers. The epitopes presented by this region of Aβ should be distinct 
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from those presented by the N-terminal region of Aβ, which can also fold into a β-hairpin-like 

structure. 115-119 

Much work also remains to be done in the development of tau vaccines, because there are 

a multitude of different hyperphosphorylated tau epitopes that need to be explored.120 Tau contains 

more than 80 potential sites of phosphorylation on serine, threonine, and tyrosine residues,121 

which create a daunting challenge in selecting and exploring biologically relevant antigens.122–124 

Exploration of these antigens may ultimately provide a better molecular understanding of AD, 

which can further guide peptide vaccine and monoclonal antibody immunotherapy development.  
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Supplementary Table S3.1.  

Summary of Aβ peptide vaccines. 

 

Vaccine Sponsor Antigen Adjuvant Carrier Molecules and 
Crosslinker 

Immune 
Respons

e by 

adjuvant 

Phase in 
Clinical 
Research 

Amilomotide Novartis Aβ 1–6 Alum or Bacteriophage Qbeta Th2 Phase II/III 

(CAD 106) Pharmaceuticals  MF59 (VLP Qβ phage)  Discontinued 

    
Malamide 

  

ACI-24 AC Immune, Aβ 1–15 MPLA Liposomes with Th1/Th2 Phase II 
(Pal 1–15 acetate salt) Roche, 

and 
Genentech 

  tetra-palmitoylated 
lysines 

 Withdrawn 

ABvac40 Axon Neuroscience Aβ40 33–40 Alum Keyhole Limpet Th2 Phase II 

 SE   Hemocyanin  Active, not 
recruiting 

UB-311 United 
Biomedical 
(Vaxxinity) 

Aβ 1–14 Alum 
+ 
CpG 

Measles virus fusion 
protein (288–302) 

Th1/Th2 Phase II 
Terminated 

    Hepatitis B virus 
surface 

  

    antigen (19–33)   

    UBITh platform   

    technology   

Affiris AD02 AFFiRiS and Aβ 1–6 Alum Keyhole Limpet Th2 Phase II 
(AffitopeAD02) GlaxoSmithKline   Hemocyanin  Recruiting 

    
Malmaide 

  

Vanutide cridificar Jansen, Pfizer Aβ 1–7 QS-21 Diphtheria Toxin, Th1/Th2 Phase II 
(ACC-001, PF-05236806)    Thioether (CRM197)  2 Terminated and 

      7 Completed 
between 

      2013–2014 

V950 Merk Aβ 1–15 Quil A ISCOMATRIX Th1/Th2 Phase I 

      Completed 

 
Mimovax 

 
AFFiRiS 

 
Pyroglutamate 

 
Alum 

 
Keyhole Limpet 

 
(Assumpti 

 
Phase I 

 GlaxoSmithKline modified  Hemocyanin on) Th2 Completed 

(Affitope AD03)  N-terminal     
  Aβ     

Lu AF20513 Lundbeck/Otsuka Aβ 1–12 Alum Th epitopes Th2 Phase I 

    (P2P2 & P30 from  Terminated 2019 

    Tetanus)   

ALZ-101 Alzinova Proprietary N/A N/A N/A Phase I 

  formulation of    Recruiting 

  cross-linked 
Aβ 
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Supplementary Table S3.2  

 

Summary of Aβ immunotherapies. 

 

Antibody Sponsor Epitope 
Recognition 

Derivation Phase in 
Clinical 
Research 

Aducanumab 
(BIIB037, Aduhelm) 

Biogen, Eisai, and 
Neurimmune 

Aβ 3–7 B cell library from health elderly 
patients 

Phase III 
Active, not 
recruiting 

Gantenerumab Chugai Pharmaceutical Aβ 2–11 and 18-
27 

Human antibody phage display Phase III 

(RO4909832, RG1450) and Roche  library Recruiting 

Solanezumab 
(LY2062430) 

Eli Lilly Aβ 16–26 Aβ 13–28 Phase III 
Active, not 
recruiting 

Crenezumab Genentech and Roche Aβ 13–24 Liposome anchored peptides Phase II 

(MABT5102A, RG7412)    Recruiting 

Lecanemab Biogen, Eisai, and Aβ 1–16 Fibrils of E22G mutant of Aβ Phase III 

(BAN2401, mAb158) BioArctic   Recruiting 

Donanemab 
(N3pG-Aβ, LY3002813, mE8) 

Eli Lilly Aβ p3–7 Aβ pE3-42 peptide Phase III 
Recruiting 

Bapineuzumab 
(AAB-001, 3D6) 

Janssen, Pfizer Aβ 1–5 Aβ 1–5 conjugated to an 
antibody 

Phase III 
Terminated 

MEDI1814 AstraZeneca, Aβ42 29-42 Human antibody phage display Phase I 

 Eli Lilly  library Completed 

Ponezumab 
(PF-04360365) 

Janssen, Pfizer Aβ 30-40 Aβ40 Phase II 
Completed 

RO7126209 Roche N/A Gantenerumab conjugated to a Phase I/II 
(RG6102, Brain shuttle   Fc region that binds to the Recruiting 

gantenerumab)   transferrin receptor  

SAR228810 Sanofi 4–20 Synthetic oligomers Phase I 

(SAR255952, 13C3)    Complete 

AAB-003 Janssen, Pfizer 1–8 and 1–28 Bapineuzumab with modified Phase 1 

(PF-05236812)   Fc region Completed 

GSK933776 GlaxoSmithKline N-terminus of Aβ Modified Fc region of an IgG1 Phase II 

   antibody Completed 

LY2599666 Eli Lilly Mid-region of Aβ anti-Aβ Antigen-bind in g Phase I 

   fragment linked to modified Fc Terminated 

   region with polyethylene glycol  

LY3372993 Eli Lilly N/A N/A Phase I 

    Recruiting 
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Supplementary Table S5.3  

 

Summary of Tau immunotherapies. 

 

Antibody Sponsor Epitope Recognition Derivation Phase in 
Clinical Research 

Semorinemab AC Immune SA, Genentech, and Tau 2–24 Recombinant Phase II 
(RO7105705, MTAU9937A, Roche  oligomers Active, not recruiting 

RG6100)     

JNJ-63733657 Janssen Tau 204–225 Tau fibrils from Phase II 

(B296, PT3)  (pT212–pT217) patients Recruiting 

E2814 Eisai HVPGG sequence Tau fragments Phase II/III 

  and 299–303, and G273–C291 and Recruiting 

  362–366 N296–D314 with  
   an N-terminal  
   cysteine  

Bepranemab Roche, UCB S.A. Tau 235–246 Tau recombinant Phase II 
(UCB0107, Antibody D,   fibrils Recruiting 

D IgG4)     

Tilavonemab AbbVie, C2N Diagnostics Tau 25–30 and 22– Recombinant full Phase II 
(ABBV-8E12, C2N 8E12,  34 length tau Terminated 

HJ9.3)     

Gosuranemab iPerian, Biogen, Bristol-Myers Tau 15–24 in vitro Phase II 
(BIIB092, BMS-986168, Squibb and aggregated full Terminated 

IPN007/IPN002)  8–19 length tau  

Zagotenemab Eli Lilly & Co. Tau 7–9 and 312– Immunopurified Phase II 
(LY3303560, MC-1 IgG1)  322 paired helical Completed 

   filaments  

Lu AF87908 H. Lundbeck A/S pS396 Tau 386–408 Phase I 

   with pS390 and Recruiting 

   404  

BIIB076 Biogen, Eisai, and Neurimmune Mid-region Proprietary Phase I 

(NI-105, 6C5 huIgG1/l)   platform Completed 

RG7345 Roche 416–430, 416–430, Phase I 

(RO6926496)  pS422 pS422 peptide Completed 
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Chapter 4a 
 
 

Pilot study in 5xFAD mice of vaccines against Alzheimer’s 

disease using structurally defined oligomers derived from 

the β-amyloid peptide 

Abstract  

Peptide vaccines designed with causative peptides associated with Alzheimer’s disease 

(AD), such as the β-amyloid (Aβ) peptide, hold the promise as an effective prophylactic against 

AD. Although there are efforts towards developing Aβ peptide vaccines, these antigens are 

structurally undefined fragments of Aβ. Vaccines that are generated against toxic species or 

conformations of Aβ are likely to be more efficacious than vaccines against structurally 

undefined Aβ fragments. This manuscript provides a pilot study with formulations of vaccines of 

two related structurally defined Aβ-derived peptides, 2AT-L and 4AT-L. The generation of 

antibodies against biologically relevant conformations of Aβ may provide antibodies with greater 

efficacy by blocking the damaging actions of toxic oligomers compared to a vaccine generated 

against an unstructured or generic Aβ species. 5xFAD mice received five immunizations of 

optimized vaccine formulations followed by an antibody titer assessment by ELISA. Treated 

mice then performed a battery of behavior assays which included elevated plus maze, contextual 

fear conditioning, and Barnes maze. To measure for vaccine efficacy and safety, 

histopathological analysis assessed the presence of Aβ plaques, upregulation of glial cells, and 

 
a Manuscript in preparation for ACS Chemical Neuroscience 
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microhemorrhages. Between the two Aβ-derived peptides, mice treated with the 2AT-L peptide 

produced a better immune response, and although not statistically significant, showed subtle 

reversal of impulsive behavior and fear-based memory. Histopathological analysis showed no 

prevention of Aβ and glial disposition and microhemorrhages. This pilot study establishes the 

2AT-L trimer as a candidate for further investigation on the therapeutic potential of this 

structurally defined Aβ-derived peptide. 

Introduction  

 Alzheimer’s disease (AD) is a neurological proteinopathy and the most common form of 

dementia that is characterized by the accumulation of the β-amyloid (Aβ) peptide.1,2,3 In the last 

two decades, immunotherapies against Aβ have been a promising therapy to slow down the 

progression of AD.4,5 Although the FDA approval of Biogen’s Aduhelm (Aducanumab) was 

controversial, this led to a surge of fast-track designation among other immunotherapies such as 

Eisai’s Leqembi (Lecanemab).6 In a 18 month clinical trial, Leqembi slowed the rate of cognitive 

decline by 27% and is expected to be approved by the FDA for treating AD July 2023.7,8 In a 12 

month clinical trial, Lilly’s Donanemab slowed clinical decline by 35% making it the second Aβ 

immunotherapy to slow cognitive decline.9 While passive immunotherapies have provided 

promising results, peptide vaccines can equally contribute to slowing down the progression of 

AD.  

In contrast to passive immunotherapies, which are infusions of a monoclonal antibody 

generated against Aβ, active immunotherapies, are peptide vaccines that stimulates the 

production of antibodies against a peptide antigen. To date, ALZ-101,10 ABvac40,11 and UB-

31112 are the lead Aβ peptide vaccines against AD in clinical trials. Of the three Aβ peptide 
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vaccines, UB-311 is the only candidate that has been granted FDA fast track designation as a 

treatment for AD.12 While the significance of Aβ peptide vaccines are acknowledged as a 

promising therapy, a common theme among current peptide vaccines against Aβ is the antigen. 

More specifically, all peptide vaccines are made of a contiguous sequence of Aβ that are not 

structurally defined13. Because of the propensity for the Aβ peptide to aggregate, the structure or 

conformation of the antigen is unknown which could explain the failed clinical trials of peptide 

vaccines against AD. Vaccines that are generated against toxic species or conformations of Aβ 

are likely to be more efficacious than vaccines against Aβ fragments.  

To address this issue, the Nowick Group has generated a library of structurally defined 

Aβ-derived peptide model systems to understand the biophysical characteristics of Aβ.14 These 

structurally defined Aβ-derived peptide models are derived from residues 17–36 of Aβ 

consisting of three covalently linked Aβ17–36 β-hairpin peptides that are constrained in a 

triangular arrangement. Through SDS-PAGE, SEC, X-ray crystallography, and cytotoxicity 

assays, the triangular trimers from Aβ (2AT-L and 4AT-L) self-assemble and are toxic to SHSY-

5Y human neuronal blastoma cells in a similar fashion as Aβ oligomers.15 In this study, we test 

triangular trimers and monomers of Aβ that contain either the wild type Phe20 (2AT-L trimer and 

2AM-L monomer) or the mutated Cha20 (cyclohexylalanine) (4AT-L trimer and 4AM-L 

monomer). 

To determine if these Aβ peptide models share similar structures with Aβ plaques, we 

generated the polyclonal antibodies pAb4AT-L and pAb2AT-L against the 4AT-L and 2AT-L trimer, 

respectively to perform immunostaining on transgenic mice and human brain slices. 

Immunofluorescent staining revealed that these antibodies recognize plaques in people who lived 
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with AD16,17. Because pAb4AT-L and pAb2AT-L recognize Aβ pathology through tissue staining, we 

turned to assess the therapeutic efficacy of the Aβ-derived trimers as antigens in peptide 

vaccines.  

We hypothesized that by using a stable Aβ-derived peptide model in a peptide vaccine, 

we can prevent the onset of AD-like phenotypes in the 5xFAD transgenic AD mouse model. As 

a comparable comparison to the Aβ fragments used in current peptide antigens, we also tested 

the structurally defined monomers, 2AM-L and 4AM-L. In this current investigation, we report 

the results of a pilot study assessing whether the Aβ trimers, 2AT-L and 4AT-L, or Aβ 

monomers serve as an efficacious antigen in a peptide vaccine. Of the four Aβ-derived peptide 

models, we observed that mice treated with the 2AT-L trimer had the strongest immune response 

compared to the other Aβ-derived peptide models. Although not statistically significant, we also 

observe that mice treated with the 2AT-L trimer reverses AD-associated with impulsivity 

(primary metrics of this behavior assay include percent entries in open arms (F (5, 51) = 1.974, 

p=0.0984), percent time spent in open arms (F (5, 51) = 3.767, p=0.0056), percent entries in 

closed arms (F (5, 51) = 1.974, p=0.0984) and percent time spent in closed arms (F (5, 51) = 

3.767, p=0.0056)) and fear-based memory (F (5, 48) = 2.211, p=0.0685). This pilot study 

establishes the 2AT-L trimer as a candidate for further investigation on the therapeutic potential 

of this structurally defined Aβ-derived peptide. 
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Figure 4.1. Chemical structures and X-ray crystallographic structure of the Aβ-derived peptides 

used in this investigation. (A,B) Chemical structure and X-ray crystallographic structure of 

2AM-L monomer (generated from PDB 7U4P). (C,D) Chemical structure and X-ray 

crystallographic structure of 2AT-L trimer (PDB 7U4P). (E,F) Chemical structure and X-ray 

crystallographic structure of 4AM-L monomer (PDB 7JXN). (G,H) Chemical structure and X-

ray crystallographic structure of 4AT-L trimer (PDB 7JXO). 
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Results  

Vaccine Formulation  

 We optimized the formulation of vaccines using wild-type, C57BL/6  mice. To ensure 

that the Aβ-derived peptides elicit an immune response in mice, we used 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) to conjugate the Aβ-derived peptides to the carrier 

protein, Keyhole Limpet Hemocyanin (KLH) (Scheme 4.1).The commercially available 

ThermoFisher’s Imject™ EDC mcKLH Spin Kit was used to perform the conjugation. To create 

the final vaccine and enhance the immune response against the Aβ-derived peptides, the 

conjugate was immediately emulsified AddaVax (Invivogen)—an adjuvant previously used in a 

preclinical Aβ peptide vaccine.18  

 

Scheme 4.1. Schematic representation of vaccine formulation. (A) Shows the starting material of 
the vaccine conjugation including the Aβ-derived peptide (red) and Keyhole Limpet 
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Hemocyanin (KLH, green). (B) The Aβ-derived peptide is then conjugated to the KLH by EDC 
conjugation (C). (D) The Aβ-derived peptide + KLH conjugate is then emulsified in adjuvant 

(yellow circles). (E) The mice are then immunized with the emulsified Aβ-derived peptide + 
KLH conjugate and generate antibodies against the Aβ-derived peptide. The figure was designed 

by Chelsea Marie T. Parrocha and created with BioRender.com. 

 

When conjugating the Aβ-derived peptides to KLH in 0.1 M MES buffer with 900 mM 

NaCl, per manufacturer’s instructions, the Aβ-derived peptides precipitated due to high salt 

concentrations used in KLH conjugations (Supplemental Figure S4.1).19 When adding an Aβ-

derived peptide to KLH in 0.1 M MES buffer with 900 mM of NaCl versus KLH in 0.1 M MES 

buffer with 0 mM of NaCl, the conjugation with 900 mM NaCl was cloudy compared to the clear 

conjugation with 0 mM NaCl (Supplemental Figure S4.1 A). When adding an Aβ-derived 

peptide to KLH in 0.1 M MES buffer with 150 mM of NaCl, the conjugation appeared similar in 

clarity as the conjugation with 0 mM NaCl (Supplemental Figure S4.1 B). To determine which 

of the vaccine formulations with varying salt concentrations produced the strongest immune 

response, we immunized mice with these formulations, and then performed ELISAs on the 

serum of immunized mice. Mice immunized with the vaccine formulated with 150 mM NaCl 

demonstrated the strongest immune response (Supplemental Figure S4.1 C). We thus 

proceeded to determine which of the Aβ-derived peptides can serve as an antigen in a vaccine to 

ameliorate AD-like phenotypes in the transgenic AD mouse model, 5xFAD. Table S4.1 

summarizes the outcomes of the mice that have participated in this study. No mice were injured 

or died due to immunizations throughout the investigation. 
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Experimental design and timeline of vaccine administration  

Once we had a vaccine formulation that demonstrated the best immune response in wild-

type mice, we applied this formulation to the transgenic AD mouse model, 5xFAD. The 5xFAD 

mouse model contains five familial AD mutations on APP including the Swedish 

(K670N/M671L), Florida (I716V), and London mutations (V717I), and two mutations on 

presenilin I (M146L and L286V).20 The 5xFAD mouse model is a thoroughly characterized 

mouse model that possesses strong AD-like phenotypic pathology and behavior20,21 and that has 

been used in preclinical Aβ peptide vaccine and immunotherapy research.18  

 5xFAD mice and wild-type littermates immunized with vehicle (adjuvant with 1 X PBS) 

were the control groups for this pilot study. Treatment groups for this pilot study included 

5xFAD immunized with one of the four peptide vaccines each named by their respective antigen: 

2AM-L, 2AT-L, 4AM-L, and 4AT-L. Each mouse received one prime and four boosts of vehicle 

or vaccine over the course of 112 days (Figure 4.2). Each immunization was about 28 days 

apart. After the last boost was administered, the mice were undisturbed for 81 days to test if the 

antibodies generated against the vaccine generated a therapeutic immune response to prevent the 

onset of AD-like phenotypes. Starting Day 193 post-first immunization, the mice underwent a 

battery of behavior assays assessing for locomotor function, working memory, impulsivity-like 

behavior, fear-based memory, as well as spatial and navigation memory. At the end of testing, all 

mice were euthanized to collect brain tissue and blood samples assess for vaccine safety and 

efficacy through histology and ELISAs.   
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Figure 4.2. Timeline of experimental design. The figure was designed by Chelsea Marie T. 

Parrocha and created with BioRender.com. 

 

5xFAD mice immunized with the 2AT-L peptide vaccine produced the strongest immune 

response. 

 To determine if treated mice were generating antibodies against their antigen, we 

measured the serum titers of treated mice halfway through the immunization schedule (Day 70). 

We performed an ELISA by plating one of the four antigens used to generate the vaccine, then 

added the serum of the mouse immunized with the respective antigen to the same plate. One-way 

ANOVA determined that there were differences between all treatment groups (F (5, 42) = 5.518, 

p=0.0005). Tukey post hoc showed that of the mice immunized with one of the four Aβ-derived 

peptides, mice immunized with 2AT-L had higher antibody titers against wild-type (p = 0.0117) 

and 5xFAD mice (p = 0.0030) immunized with vehicle (Figure 4.3). Antibody titers between 

wild type and 5xFAD mice treated with vehicle appeared to be lower than mice treated with 

2AT-L. Mice immunized with 2AT-L produced the highest titers against their antigen followed 
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by mice immunized with 2AM-L, 4AT-L and 4AM-L. Terminal bleeds assessed by ELISA 

showed that 123 days after receiving an immunization with one of the four Aβ-derived peptides, 

all treated mice sustained antibody titers against their respective antigen (Supplemental Figure 

S4.2).  

 

Figure 4.3. Bar graph showing normalized and inverse EC50 values determined by ELISAs from 

serum of 5xFAD mice vaccinated with 2AT-L (n=11), 2AM-L (n=10), 4AT-L (n=10), and 4AM-

L (n=9). Treated mice were compared to wild-type mice (n=4) and 5xFAD mice (n=4) treated 

with vehicle. One-way ANOVA (F (5, 42) = 5.518, p=0.0005), followed by Tukey post hoc (p = 

0.0117, wildtype vehicle versus 5xFAD, 2AT-L and p = 0.0030, 5xFAD, vehicle versus 5xFAD, 

2AT-L). Error bars are standard error of the mean. 

  

5xFAD mice treated with 2AT-L showed a decrease of anxiety-like behavior. 

 To assess the potential differences in motor function between genotypes, we performed 

open field, rotarod, and grip strength. All three behavior assays demonstrated that all treatment 

groups of mice did not have impaired locomotor behavior or motor function (Supplemental 
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Figure S4.3). This data provides confidence in the results produced by the behavior assays 

measuring memory and learning.b  

 

Figure 4.4. Elevated plus maze assessing for impulsivity as measured by anxiety-like behavior 
in 5xFAD mice vaccinated with 2AT-L (n=10), 2AM-L (n=10), 4AT-L (n=10), and 4AM-L 
(n=9). Treated mice were compared to wild-type mice (n=12) and 5xFAD mice (n=7) treated 

with vehicle. One-way ANOVA measured for statistical differences between treatment groups. 
(A) Shows a schematic representation of a mouse in the elevated plus maze. (B) Bar graph 

showing percent entries in the open arms (F (5, 51) = 1.974, p=0.0984). (C) Bar graph showing 
percent time spent in the open arms (F (5, 51) = 3.767, p=0.0056). (D) Bar graph showing 
percent entries in the closed arms (F (5, 51) = 1.974, p=0.0984). (E) Bar graph showing time 

spent in the closed arms (F (5, 51) = 3.767, p=0.0056). Tukey post hoc demonstrated wildtype 
mice immunized with vehicle spent 7.04% less time in open arms and 7.04% more closed arms 

compared to 5xFAD mice immunized with vehicle (p = 0.0846). Error bars are standard error of 
the mean. The figure was designed by Chelsea Marie T. Parrocha and created with 
BioRender.com. 

 

 Elevated plus maze (EPM) is the gold standard for assessing anxiety-like behavior.22 

However, in the 5xFAD mouse model, previous studies showed lower anxiety-like behavior 

 
b When performing grip strength and rotarod, the mice were noted of having difficulty gripping due to the 
finger clipping ID used to differentiate mice genotypes. Although this may have been a factor influencing 
the outcomes of grip strength and rotarod, all treated mice appeared to have an intact locomotor function.  
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mirrors impulsivity or recklessness that is observed in AD.21,23 One-way ANOVA determined 

subtle differences between all treatment groups in all primary metrics of EPM (Figure 4.4). 

Primary metrics of this behavior assay include percent entries in open arms (F (5, 51) = 1.974, 

p=0.0984), percent time spent in open arms (F (5, 51) = 3.767, p=0.0056), percent entries in 

closed arms (F (5, 51) = 1.974, p=0.0984) and percent time spent in closed arms (F (5, 51) = 

3.767, p=0.0056).  

Tukey post hoc demonstrated that 5xFAD mice immunized with vehicle recapitulated 

previously reported results. The 5xFAD mice immunized with vehicle were slightly more 

impulsive than wild-type immunized with vehicle as measured by percent entries in open arms 

(9.52%, p=0.1899) (Figure 4.4 A), and percent time spent in open arms (7.04%, p=0.0846) 

(Figure 4.4 B), percent entries in closed arms (9.52%, p=0.1899) (Figure 4.4 C), and percent 

time spent in closed arms (7.04%, p=0.0846) (Figure 4.4 D). Tukey post hoc demonstrated 

subtle differences in therapeutic effect of an Aβ-derived peptide vaccine in reversing impulsive 

behavior between mice immunized with 2AT-L and wild-type and 5xFAD mice immunized with 

vehicle. 5xFAD mice immunized with vehicle entered the open arms 7.67% more than mice 

treated with the 2AT-L antigen (p = 0.4355) and spend 1.33% more time in the open arms (p = 

0.0056). Wild-type mice immunized with vehicle had 1.82% less entries in open arms than mice 

immunized with 2AT-L (p = 0.9956). Wild-type mice immunized with vehicle spent 5.71% less 

time in open arms than mice immunized with 2AT-L (p = 0.1523).). Although the differences are 

subtle, we observe a trend that mice immunized with 2AT-L appear to behave in a similar 

fashion to wild-type mice immunized with vehicle. The rescued impulsive-like behavior 

observed in 2AT-L treated mice prompted us to assess the effects of the vaccine on fear-based 

memory.  
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5xFAD mice treated with 2AT-L showed improvement of fear-based memory. 

 Fear-based memory is measured in contextual fear conditioning with the defensive 

mechanism of freezing as the primary metric.c,24Although not significant, one-way ANOVA 

suggests differences in fear-based memory between treatment groups (F (5, 48) = 2.211, 

p=0.0685) (Figure 4.5). Among the mice immunized with an Aβ-derived peptide vaccine, mice 

treated with 2AT-L remembered the original environment more than mice treated with the other 

Aβ-derived peptide vaccine.   

Tukey post hoc demonstrated that 5xFAD mice immunized with vehicle recapitulated 

previously reported results.21 The 5xFAD mice immunized with vehicle had 25.05% lower 

change from baseline, therefore remembered less of the original environment compared to wild -

type immunized with vehicle (p=0.1167). Tukey post hoc demonstrated subtle differences in 

therapeutic effect of an Aβ-derived peptide vaccine in reversing fear-based memory between 

mice immunized with 2AT-L, wild-type and 5xFAD mice immunized with vehicle. 5xFAD mice 

immunized with vehicle had 16.41% lower change from baseline than mice treated with the 

2AT-L antigen (p = 0.5589). Wild-type mice immunized with vehicle had 8.61% higher change 

 
c All mice in every treatment group exhibited higher than normal baseline measurements during the initial 

training period assessment. The normal baseline for mice is 10%-20% freezing while mice in this study 

were freezing 50% while in the environment without exposure to stimuli. This behavior may be due to 

previous experiences in ear punches, blood draws, transferring from facilities, and administration of 

vaccines. Because of this, we switched from Cued Fear Conditioning (which involves a tone precedes the 

foot shock with tone for stimuli) to Contextual Fear Conditioning. All mice had high baseline and there 

was a lot of variability to normalize it by percent change to control for differences in baseline behavior. 

To account for high baseline and variability among treatment groups, the data was normalized by percent 

change between the baseline and the test post shock.  
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from baseline than mice immunized with 2AT-L (p = 0.9281). Although the differences are 

subtle, of the Aβ-derived peptide vaccines, mice immunized with 2AT-L demonstrated subtle 

improvement in fear-based memory. To further characterize the Aβ-derived peptide vaccines 

ability to prevent the onset of AD-like phenotypes in 5xFAD mice, we turned to behavior assays 

assessing additional forms of memory.  

 

Figure 4.5. Contextual fear conditioning assesses for fear-based in 5xFAD mice vaccinated with 
2AT-L (n=9), 2AM-L (n=10), 4AT-L (n=10), and 4AM-L (n=8). Treated mice were compared to 

wild-type mice (n=10) and 5xFAD mice (n=7) treated with vehicle One-way ANOVA measured 
for statistical differences between treatment groups (F (5, 48) = 2.211, p=0.0685). (A) Schematic 
representation of a mouse in the conditioning chamber with stimuli and being placed in the same 

chamber 24 hours later. (B) Bar graph showing percent change in freezing. Error bars are 
standard error of the mean. The figure was designed by Chelsea Marie T. Parrocha and created 
with BioRender.com. 

 

5xFAD mice treated with an Aβ-derived peptide vaccine did not show improvement of 

working, spatial and navigational memory. 

For a full evaluation of memory rescue in mice immunized with an Aβ-derived peptide 

vaccine, Y-Maze was used to assess working memory while Barnes Maze was performed to 

access spatial and navigational memory. In Y-Maze, the 5xFAD mice immunized with vehicle 



 

 
   
  
 

153 

should have lower percent alternations than wild-type mice immunized with vehicle which was 

not observed when performing this assay (Supplemental Figure S4.4). While this assay has 

been used to characterize the 5xFAD mouse model23 and therefore could be used in assessing 

therapeutic intervention, the behavior assay may not be reliable or sensitive enough to measure 

working memory.25    

We also observed no improvement of spatial, and navigational memory in mice treated 

with any of the four Aβ-derived peptide vaccines. Throughout the training period of Barnes 

maze, wild-type and 5xFAD mice immunized with vehicle performed as expected 

(Supplemental Figure S4.5 and S4.6 ). Wild-type mice immunized with vehicle displayed 

improved learning and memory over the training period and final testing while 5xFAD controls 

did not. We did not observe improvements in spatial and navigational memory in mice treated 

with an Aβ-derived peptide vaccine. Barnes Maze or Morris Water Maze have been the gold 

standard assays measuring for assessing Aβ vaccine efficacy and have been reproduced in 

previous studies.26,27 However, in a recent comprehensive study of the 5xFAD mouse model, 

researchers suggested that these assays may not be appropriate due to potential confounding 

phenotypes such as hyperactivity and additional stressors.25 After the mice completed this last 

behavior assay, they were euthanized according to approved procedures by the University of 

California, Irvine University Laboratory Animal Resources. 

5xFAD mice treated with an Aβ-derived peptide vaccine did not reduce Aβ and glial 

pathology. 

To investigate whether an Aβ-derived peptide vaccine can generate anti-Aβ antibodies to 

prevent the development of Aβ pathology in mice, immunostaining was performed on brain 
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sections of treated mice to assess plaque deposition. Because mice were treated with an Aβ-

derived peptide vaccine starting at 6 weeks old, we hypothesize that treated mice would generate 

protective antibodies against the onset of Aβ. Thioflavin-S is a standard stain used to detect Aβ 

plaques in peptide vaccine and immunotherapy studies. One-way ANOVA determined that there 

were differences in the amount of plaque pathology between treatment groups (F (5, 34) = 13.90, 

p<0.0001) however, Tukey post hoc showed that these significant differences were between 

wild-type mice that were immunized with vehicle and all 5xFAD mice regardless of vaccination. 

Compared to 5xFAD mice immunized with vehicle, wild-type mice immunized with vehicle had 

virtually no Aβ plaques (Tukey post hoc, p = 0.0002, Figures 4.6 A). All 5xFAD mice treated 

with an Aβ-derived peptide vaccine had plaque depositions similar to 5xFAD mice immunized 

with vehicle (Figures 4.6 D).  

 Reactive astrocytes and microglia contribute to inflammation in the brains of people who 

live with AD.28–30 To determine if antibodies generated from the Aβ-derived peptide vaccines 

can reduce the proliferation of glial cells, we performed immunostaining on the brains of treated 

mice using the GFAP antibody for recognizing astrocytes and IBA-1 antibody for recognizing 

microglia. One-way ANOVA determined that there were differences in the amount of astrocyte 

pathology (F (5, 18) = 15.41, p<0.0001) and microglia pathology (F (5, 18) = 10.40, p <0.0001) 

between treatment groups. However, Tukey post hoc showed that these significant differences 

were between wild-type mice that were immunized with vehicle and all 5xFAD mice regardless 

of vaccination. When comparing the wild-type control with the 5xFAD control, we observed an 

expected upregulation of astrocytes and microglia in 5xFAD controls (Tukey post hoc, p 

<0.0001, and p = 0.1933, respectively, Figures 4.6 B and 4.6C). Mice treated with an Aβ-

derived peptide vaccine had similar loads of astrocytes and microglia as the control 5xFAD mice 
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(Figures 4.6 E and 4.6 F). Since the formulation of the first Aβ peptide vaccine, (AN1792) 

induced a Th-1 inflammatory immune response that lead to failed clinical trials, researchers 

investigate if the vaccine candidate induces ARIA.13,27,31 Because of the hypothesized 

upregulation of glial activity we were prompt to inquire about microhemorrhages in the brains of 

mice immunized with the Aβ-derived peptide vaccines.  

 

Figure 4.6. Aβ plaque pathology and glial response was not decreased in mice treated with any 
of the Aβ-derived peptide vaccines. (A) Bar graph showing average plaque counts detected by 

Thioflavin-S (n = 8 per group). (B) Bar graph showing average microglia loads detected by IBA-
1 (n = 4 per group). (C) Bar graph showing average astrocyte loads detected by GFAP (n = 4 per 
group). All error bars are standard error of the mean. (D) Micrographs of representative 
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hippocampus stained with Thioflavin-S from each treatment group. (E) Micrographs of 
representative hippocampus stained with IBA-1 from each treatment group. (F) Micrographs of 

representative hippocampus stained with GFAP from each treatment group. All micrographs of 
Thioflavin-S stains were acquired at 20X, then zoomed in on Olympus OlyVIa at 6.6x. The scale 

bar is 200µm. All micrographs of IBA-1 and GFAP stains were acquired at 20X, then zoomed in 
on Olympus OlyVia at 0.5X. The scale bar is 500 pixels. 

 

5xFAD mice treated with an Aβ-derived peptide vaccine may induce microhemorrhages in 

the brain. 

To assess for the safety of the vaccine, we used Perl’s Prussian blue staining to determine 

if the vaccine-induced microhemorrhages. We performed qualitative assessment of the 

hippocampus from wild-type control with the 5xFAD control, and observed more hemorrhages 

in the 5xFAD control (Figures 4.7 A and 4.7 B). Mice treated with an Aβ-derived peptide 

vaccine had exacerbated microhemorrhages than the control 5xFAD mice (Figure 4.7 C-F). 

Because of the onset of glial activity at 2-4 months, we suspect that 5xFAD mice naturally obtain 

microhemorrhages in the brain which mimics the phenotypes observed in people.21,32,33 Without 

a fully factorial design that includes wild-type mice immunized with the Aβ-derived peptide 

vaccines we can, we can only assume that the increase in microhemorrhages in mice treated with 

an Aβ-derived peptide vaccine.  
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Figure 4.7. Micrographs of Perl’s stained hippocampus of mice treated with either vehicle or one 

of the four Aβ-derived peptide vaccines. All microhemorrhages are depicted next to a *. (A) 

Micrograph of a hippocampus from a wild-type mouse treated with vehicle, (B) 5xFAD mouse 

treated with vehicle, and mice treated with (C) 2AT-L peptide vaccine, (D) 2AM-L, (E) 4AT-L 

and (F) 4AM-L. All images were acquired at 20X, then zoomed in on Olympus OlyVia at 6.6x. 

The scale bar is 200µm. 

 

Discussion  

Peptide vaccines are an opportunity to connect the structural biology of contributing 

peptides of AD, such as Aβ, to AD symptoms. In the design of current Aβ peptide vaccines, the 

antigens are made with structurally undefined fragments the N-terminus of Aβ, which was 

influenced by the results of the first Aβ peptide vaccine, AN1792. Since the discovery of 
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AN1792 of ARIA in ~6% of phase II clinical trial patients34–36, subsequent studies determined 

that the central region of Aβ contributed to the onset of ARIA; thus researchers have limited 

designing antigens of Aβ peptide vaccine antigens to Aβ1-15 to and avoid ARIA and induce a Th-

2 B-cell response.37 However, the antigens of current Aβ peptide vaccines are made with 

structurally undefined fragments of Aβ. The Aβ peptide has the propensity to aggregate which 

could occur during vaccine formulation thus leaving the conformation of the antigen unknown. 

This lack of understanding the structure of the antigen could lead to a lack of therapeutic 

precision and explain the failed clinical trials of peptide vaccines against AD. Thus, it is 

imperative to have structurally defined antigens that may lead to efficacious peptide vaccines 

against AD.  

The central region of Aβ presents epitopes that form loop-like conformations and form β-

hairpins; this conformation is thought to be the building blocks of toxic Aβ oligomers associated 

with the pathogenesis and progression of AD.14,38,39 Although this region has been avoided due 

to concerns of inducing ARIA, incorporating antigens with the central region of Aβ may lead to 

a new generation of peptide vaccines. More specifically, these novel Aβ peptide vaccines may 

develop conformation-specific antibodies against toxic Aβ oligomers and thus connect the 

structural biology of Aβ to AD symptoms. 

 In this pilot study, Aβ peptide vaccines using four Aβ-derived peptide models containing 

the central region of Aβ were used to determine if we can prevent the onset of AD-like 

symptoms in 5xFAD mice. Although 5xFAD mice treated with 2AT-L showed a decrease of 

anxiety-like behavior and improvement of fear-based memory, albeit not statistically significant, 

we did not observe a reduction in pathology. Inconsistent results in preclinical studies with Aβ1-
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42 peptide vaccines designed with demonstrate variable results in vaccine efficacy. In PDAPP 

transgenic AD mice with the peptide vaccine, pre-existing plaque formation was reduced,4 

however, in Tg2576 transgenic AD mice, reduction in pre-existing plaque formation was not as 

effective.40 APPPS1 transgenic AD mice vaccines also did not exhibit plaque clearance or 

decreased glial deposition.41 In immunized 3xTG transgenic AD mice, preexisting plaques were 

not reduced, but soluble Aβ was reduced along with improvement in behavioral performance.42 

The authors of these studies suggest that may target specific forms of Aβ which may not target 

all AD pathology and symptoms. In a similar fashion to these previously reported studies, we 

propose that the 2AT-L peptide vaccine may generate antibodies targeting soluble Aβ that 

influence anxiety-like behavior and fear-based memory. Along with the findings of this pilot 

study, we envision the use of the 2AT-L antigen being used in a combination vaccine with other 

structurally defined antigens to enhance the therapeutic efficacy of this vaccine.  

Peptide vaccines can serve as a practical prophylactic to slow down the diagnosis of 13.8 

million Americans by 2060.43,44 Although Aβ passive immunotherapies have shown promise of 

slowing down cognitive decline, these therapies require not only fiduciary resources but also 

infusion centers that already serve people with other terminal diseases. Biogen’s Aduhelm 

(Aducanumab) was originally priced at $56,000 per year with 10 mg/kg infusions every 4 weeks 

and has since reduced the price to $28,200.45,46 Eisai’s Leqembi (Lecanemab) is expected to be 

priced at $26,500 per year with 10 mg/kg infusions every 2 weeks.47,48 Even if a person can 

afford these passive immunotherapies, there is still the risk of marginal efficacy and ARIA.48,49  

Peptide vaccines are a universal, practical approach to slowing down the progression of 

AD that are without the limitations and challenges presented with passive immunotherapies. 
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Peptide vaccines are comparably less cost-effective to generate and have a stable shelf life which 

will allow international accessibility without taking additional resources from terminal diseases 

that need infusion centers. The incorporation of peptide vaccines against diseases like AD could 

be administered to people 20 years old and younger and is the future therapeutic to preventing 

the onset of AD.  

Conclusion  

 This pilot study investigates the therapeutic potential of structurally defined models of 

Aβ monomers and oligomers by using them as antigens for novel Aβ peptide vaccines in mice. 

Halfway through the immunization schedule, 5xFAD immunized with one of the four peptide 

vaccines developed an immune response against the respective antigen of the vaccine. Through 

behavior assays, locomotor behavior was not impaired and therefore was not a confounding 

variable in the memory and learning behavior assays. Spatial and long-term memory was not 

rescued in mice treated by either of the four peptide vaccines. Nonetheless, albeit not statistically 

significant, impulsive behavior and fear-based memory shows promise of recovery in mice 

treated with the 2AT-L peptide vaccine. Histopathology demonstrated that AD pathology, 

including Aβ plaques and upregulation of glial cells, was not rescued in treated mice. Mice 

treated with the peptide vaccine also displayed an increase in microhemorrhages. We conclude 

that among the four peptide vaccines (2AM-L, 2AT-L, 4AM-L, and 4AT-L), 2AT-L 

demonstrated potential therapeutic results. The results from this pilot study suggest that a fully 

factorial experimental design with larger group sizes should be pursued with a peptide with the 

2AT-L trimer.  
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Experimental Section  

Synthesis of peptide antigens 

 The peptides 2AM-L, 2AT-L and 4AT-L in this study were sourced and prepared 

according to Kreutzer et al.17 and Parrocha et al.16 (Chapter 2), respectively. Please see 

manuscripts for characterization data. The peptide 4AM-L was prepared according to 

Haerianardakani et al. 2020.15 Please see supplemental information for characterization data. 

Curation of 5xFAD mice and wild type littermates 

Information for the curation of 5xFAD mice and wild type littermates was taken verbatim 

from Parrocha et al.16 (Chapter 2)All animal experiments were approved by the UC Irvine 

Institutional Animal Care and Use Committee (UCI IACUC). All animals were bred by the 

Transgenic Mouse Facility at UC Irvine. The process of breeding, genotyping, raising, and aging 

of 5xFAD hemizygous mice (B6.Cg Tg(APPSwFlLon, 

PSEN1*M146L*L286V)6799Vas/Mmjax, Stock number 34848-JAX, MMRRC) and wild type 

littermates for the purposes of tissue harvesting were followed as described in Forner et. al. 

2021.21  

Mice were toe clipped for identification which proved to be a relevant parameter in 

behavior testing. The experiment started with n=12, 5xFAD mice per treatment group followed 

by n=11, wild-type littermate controls. No mice were terminated due to the vaccines during the 

immunization schedule.  
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Preparation of the antigen-KLH/adjuvant and the antigen/adjuvant emulsions 

Peptide conjugation to carrier protein to KLH. To prepare conjugates of 2AM-L, 2AT-L, 

4AM-L, or 4AT-L peptides with keyhole limpet hemocyanin (KLH) the Thermo Fisher Imject 

mcKLH EDC conjugation protocol was followed according to the manufacturer's instructions with 

minor adjustments. 1.5 mg of the peptide was dissolved in 100% DMSO and was brought to the 

final concentration of 25% DMSO in the conjugation reaction. After the purification of the 

conjugate over the desalting column, the volume of the eluent is ~400 uL. This 400 uL was added 

back to the pellet from the conjugation reaction and the volume was brought to ~750 uL by adding 

300 uL of PBS. This resulted in a final antigen concentration of ~1.33 mg/mL. Please note, the 

concentrations reflect the concentrations of the antigen only, not the carrier protein. 

Emulsifying of peptide conjugates in adjuvant and vaccine administration. Using a syringe 

adapter (18g), 900 uL of the 1.33 mg/mL conjugate with 750 uL of Addavax to create a 0.66 μg/μL 

emulsion of the conjugate. 150 uL of emulsified peptide conjugate was aliquoted in 1 mL insulin 

syringes. After vaccines were aliquoted, mice were immediately intraperitoneally injected with 

150 uL of the 0.66 μg/μL emulsion to achieve injection with 100 ug of antigen. 

Saphenous Blood Draw 

All animal handling was approved by the University of California, Irvine University 

Laboratory Animal Resources. The upper body of the mouse was restrained in a 50 mL conical 

vial with multiple breathing holes drilled into the tube. After the outer thigh hair of the mouse was 

shave, the exposed skin was cleaned with 70% EtOH. Lubricant (Optixcare) was rubbed on the 

saphenous vein. Using a 20g needle, the vein was pricked at a 30-degree angle, and the blood was 
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collected by a capillary needle. The blood was then transferred to an Eppendorf tube. After enough 

blood was collected (~100 uL), a gauze and light pressure were applied to the punctured vein 

followed by additional lubricant. Post-procedure, the mice were monitored to ensure blood clotting 

and locomotor function. Blood samples clotted for up to 4 hours before being centrifuged at 1500 

rpm for 15 minutes. The supernatants were then transferred to another Eppendorf tube and used in 

ELISAs. Samples were stored at 4 ºC for long term storage.  

 

Enzyme-linked immunosorbent assays (ELISAs)  

Information for the curation of 5xFAD mice and wild-type littermates was adopted or 

taken verbatim from Parrocha et al. 202316 (Chapter 2). All procedures for this assay were 

performed at ambient temperature (25 ºC). 96-well flat bottom MaxiSorp immunoplate (Thermo 

Scientific Clear Flat-Bottom Immuno Nonsterile 96-Well Plates, Cat. No.442404) was coated 

with 50 µL of 1 µg/µL in triplicate of either 2AT-M, 2AT-L, 4AT-L, or 4AT-M in 1 X carbonate 

buffer (pH = 9.0), sealed with Axygen AxySeal Sealing Film (REF PCR-SP), and placed on a 

plate shaker overnight. The next day, plates were aspirated, washed, rinsed, and aspirated once 

using Fisherbrand accuWash and accuWash Versa plate washer (Cat. No.14-377-577) with 100 

µL of 1 X PBS with 0.05% Tween 20 followed by 18 MΩ deionized water. Plates were coated 

with 75 µL of blocking solution, 1% BSA (Bovine Serum Albumin, Fraction V, Heat Shock 

Treated, Fisher BioReagents, Cat. No. BP1600-100) in 1 X PBS, sealed, and then placed on plate 

shaker for at least 1 hour. The collected supernatants from blood draw (serum from treated 

mice), were diluted 1:100 in 250 µL blocking solution. Plates were aspirated, washed, rinsed, 

and aspirated once, then primary antibodies were plated in triplicates in the top row of the 96-

well plate, followed by a 1:3 dilution down the plate. Plates were sealed and incubated on the 
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plate shaker for 2 hours. After incubation, plates were aspirated, washed, rinsed, and aspirated 

three times. Plates were coated with 50 µL of 1:5,000 diluted goat-anti-mouse HRP (Jackson 

ImmunoResearch Cat No. 111-035-144) in blocking solution, sealed, and incubated on the plate 

shaker for 1 hour. After incubation, plates were aspirated, washed, rinsed, and aspirated three 

times and developed with 1:1 TMB/E substrate followed by 1 M HCl and read at 450 nm using 

Skant It 5.0 Software and Thermofisher Multiskan Go (Cat. No. N10588) plate reader. 

Generation and affinity purification of rabbit pAb4AT-L and pAb2AT-L 

Please refer to Parrocha et al.16 (Chapter 2) and Kreutzer et al.17 for the development and 

application of for pAb4AT-L and  pAb2AT-L, respectively. 

Behavior Assays  

All behavior assays were performed at the University of California, Los Angeles 

Behavior Core Testing Facility (UCLA BTC). No mice were excluded from behavior assays. 

The procedures described were adapted from the researchers at UCLA BTC. Videos and data 

collected from mice performing behavior assays were tracked using AnyMaze Software (version 

v7.15). The data acquired from AnyMaze was further processed using GraphPad Prism (version 

9.0).  

Open Field 

Open field is an assay that measures locomotor behavior in an open arena. The animal was 

placed in an field engineered in house (internal dimensions of the field: 40cm x 40cm with 30 cm 

high walls) and was allowed to explore freely for a period of 30 min. Locomotor behavior was 

measured for distance traveled during the first 5 minutes of the test.  
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Y-Maze Spontaneous Alterations         

 Y-Maze Spontaneous Alterations is an assay that measures working memory. This task 

measures the ability of the mouse to explore novel arms of the Y-maze (model 89000, Lafayette 

instruments). In this task, the animal was allowed to openly traverse a Y-maze undisturbed for 8 

minutes. An alternation was defined as the mouse entering 3 different arms consecutively. 

Percent alternation was calculated to measure for short term-memory during the duration of the 

test.  

Elevated Plus Maze 

Elevated Plus Maze is an assay that measures anxiety-like behavior. This task measures 

preference for enclosed places and overexposed places. The maze was engineered in house with 

2 open arms and 2 closed arms measuring 29 cm L x 7.5 cm W, with high walls at 14.5 cm high 

wall. The maze was ~45 cm off ground). The animal is placed in the center of the apparatus and 

observed freely exploring for 5 minutes. Recorded measures include total time spent in the open 

and closed arms (and central platform) as well as entries into the open and closed arms. Percent 

entries and time in arms throughout the tests were calculated to assess for anxiety-like behavior.  

Contextual Fear Conditioning  

Contextual Fear Conditioning is an assay that measures fear-based memory. This task 

measures the ability of an animal to learn about aversive events related to predictive stimuli and 

recall the aversive event when exposed to the stimuli. Defensive behavior, seen as freezing, is 

used to measure the animal recalling the event. 
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For the training trial, all animals were placed in the conditioning chamber for a total of 

7.5 minutes. After 3 the initial minutes, the mice received a 30 sec, 80dB tone at 2800 Hz 

immediately followed by a 2-second long 0.75 mA foot-shock. This time shock pairing was 

repeated another two times with a 1-minute intertrial interval. After the three pairings, the 

subjects remain in the conditioning chamber for another 60 seconds and then are returned to their 

home cages.  

The test trial (24 h later) assesses contextual fear conditioning by measuring freezing in 

the training context. Freezing was defined as a defensive posture characterized by a lack of all 

movement except that required for respiration. For measurements of context conditioning, the 

subjects are returned to the training chamber for an 8 min session. MedAssociates VideoFreeze 

software was used to assess this freezing with a threshold set to 18 pixel changes per frame (a 

threshold set based on previous research where hand-scoring of the videos was done to equate it 

to software results). The percent freezing was calculated for the entire session as well as broken 

into 1-minute bins for further assessment. 

Due to high baseline freezing during the training which can make subsequent results 

difficult to interpret, it was decided not to test the tone conditioning memory as was originally 

planned. Training and testing procedures are recorded for later analysis of behavior in the pre-

shock and post-shock periods of the training session as well as more detailed analyses of 

behavior during the tests. 
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Barnes maze 

Barnes maze is a dry land maze that assesses spatial memory and navigation skills in 

mice. In this assay, a mouse is placed on a large circular arena (91 cm wide table with 20 evenly 

spaced, 5 cm wide holes around perimeter; Stoelting) that has 20 evenly spaced escape holes 

around the perimeter of the maze. Only one of the holes, the “target hole”, contains a dark, 

enclosed goal box below the table for the mouse to escape, and the remaining 19 holes, are the 

“non-target holes,” with no route of escape. Extra-maze cues are placed around the room for 

orientation and navigational cues. To encourage mice to find the goal box, the maze is brightly 

lit, and when necessary, loud white noise (~80-90 db) is played from the time the mouse is 

released until the escape is made. Please refer to the SI for a more elaborate description of 

Barnes maze protocol.  

Rotarod 

Rotarod measures for locomotor coordination. In this assay, mice are placed onto a 

cylinder that rotates at an accelerating speed, until the mice fall from the cylinder to the platform 

below (RotaRod 3375-5; TSE Technical & Scientific Equipment GmbH). The cylinder is divided 

into 4 compartments which allows four mice to perform the tests simultaneously. Below each 

compartment, there is an infrared sensor that automatically signals when the mouse fall. The 

apparatus is designed such that the mouse only drops a short distance (10 cm). The latency to fall 

from the cylinder is recorded by the apparatus and displayed on the screen to be recorded by the 

experimenter for later analysis. Mice have tested 3 trials per day over the course of 3 days. 
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Grip Strength  

Grip Strength assesses motor function. In this assay, the strength of the fore- and hind-

limb strength of the mouse is measured using the Chatillon (Grip Meter); Ametek; 10LBF; DFE-

01. A mouse-sized metal grip bar is attached to the force meter. The mouse is scuffed and 

allowed to grasp the grip bar firmly in both front or back paws. The mouse is gently pulled away 

from the meter by the base of the tail in a horizontal motion until they release the bar. The 

maximum force exerted by the mouse until release is recorded. The angle of the grip bar can be 

adjusted for a hind-limb grip. Five grip trials are repeated in each subject with an intertrial 

interval of 5 minutes to prevent muscle fatigue. 

Sectioning and staining of mouse brain tissue  

Mouse brains were sent to Neuroscience Associates for sectioning and staining of treated 

mouse brains.  

Quantitative Histopathology 

Images of histology slides were scanned at 20X magnification from Neuroscience 

associates and were transferred using Proscia concentriq and TransferXL. After images were 

downloaded, they were viewed using the Olympus Viewer (v.3.1.) and using the Aperio 

ImageScope (v.12.4.6.5003). Aperio ImageScope was also used to quantify pathology identified 

by GFAP, and IBA-1. Qupath (Version) and protocols to analyze Thioflavin-S positive 

pathology were from Bankhead et al. 2015.50  
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Statistics  

Raw data were acquired, exported, and processed on Microsoft Excel (v.9.0). GraphPad 

Prism (v.9.0) was used to perform all statistics and related figures. Unless otherwise stated, all 

statistical analysis were performed using a one-way ANOVA followed by Tukey, post hoc. 
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Supplemental Information for 

Pilot study in 5xFAD mice of vaccines against Alzheimer’s 

disease using structurally defined oligomers derived from 

the β-amyloid peptide 

Synthesis of peptide monomer 4AT-Lcc and cross-linked trimer 4AT-L 

Information for the synthesis of peptide monomers 4AM-L, and 4AT-Lcc and cross-linked 

trimer 4AT-L was adopted or taken verbatim from Haerianardakani et al. 2020,15  Kreutzer et al. 

2017,17 and Parrocha et al. 2023.16 2AM-L monomer and 2AT-L trimer used in this manuscript 

was also used in another manuscript in the Nowick Group. Characterization data for 2AM-L 

monomer and 2AT-L trimer can be found in the SI of Kreutzer et al. 2023.17 

Curation of 5xFAD mice and wild type littermates 

 Information for the curation of 5xFAD mice and wild type littermates and preparation of 

mouse brain tissue can be found in Parrocha et al. 2023.16 

Barnes Maze Protocol  

The Barnes maze is a less stressful alternative to the Morris Water Maze for the 

assessment of spatial learning and memory in mice. When properly executed, the test can 

provide valuable information for acquisition/learning, as well as working memory, and long and 

short-term memory. 
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Habituation/exploration. One day prior to training, habituation is performed by allowing each 

subject to freely explore the table (without escape box) under modest light for 5 minutes, in order 

to become accustomed to the room, table, and extra- and intra-maze layout. 

 

Pre-training. Pre-training, designed to allow subjects to learn of the presence of the escape hole, 

is performed under bright light prior to the start of training by placing each subject in a clear box 

(upside down) in the middle of the table. After one minute, the box is lifted up and the subject is 

gently guided near the escape hole selected randomly on the table, allowing it to enter the hole 

and remain inside for 1 minute. If necessary, bedding may be added to the goal box in order to 

make it more attractive to the mice. 

 

Initial training. All training and test trials begin with the subject in an opaque box in the center 

of the table. The trial starts when the box is lifted up. If the subject locates and enters the escape 

box within 90s, it will be left in the box for 1 minute. If the subject fails to find the escape box 

within 90s, it will be gently guided to the escape hole by the tail, and allowed to stay in the box 

for 1 minute. Mice received 3 daily trials with a 15-20 min inter-trial interval. All trials were 

recorded by an overhead camera and scored for latency to find escape box and number of 

incorrect holes visited first. 

 

Probe test. Twenty-four hours after the last day of training, animals are tested for 90s without the 

escape box. Time spent in the different quadrants is recorded.  
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Supplemental Figure S4.1. Optimizing NaCl concentrations in the conjugation of 2AT-L to 

KLH by antibody titers in C57/Bl6 mice. (A) images of conjugation reactions with 0 mM or 900 

mM NaCl with 2AT-L trimer or (B) 0 mM or 150 mM NaCl with 2AT-L trimer. (C) is a bar 

graph showing normalized and inverse EC50 values determined by ELISAs from serum of 

C57BL/6 mice immunized with different KLH + 2AT-L conjugations in different concentrations 

of NaCl (n = 4 – 5 per group). The thin blue lines represents data pooled from two different 

cohorts of mice from similar experiments. Error bars are standard error of the mean.  
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Supplemental Figure S4.2. Bar graph showing normalized and inverse EC50 values determined 

by ELISAs from serum of 5xFAD mice vaccinated 123 days after immunization schedule with 

2AT-L (n=10), 2AM-L (n=10), 4AT-L (n=10), and 4AM-L (n=9). Treated mice were compared 

to wild-type mice (n=9) and 5xFAD mice (n=6) treated with vehicle. One-way ANOVA F (5, 

47) = 2.409, p = 0.0503. Error bars are standard error of the mean. 
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Supplemental Figure S4.3. Behavior assays assessing for locomotor behavior. (A) shows a 

schematic representation of a mouse in open field (). (B) bar graph showing the distance traveled 

by the mice during the first 5 minutes of the test (one-way ANOVA, F (5, 52) = 1.538, 

p=0.1943). (C) shows a schematic representation of a mice on a rotarod. (D) shows line graphs 

of how long the mice stayed on the rotarod (one-way ANOVA, F (5, 12) = 1.927, p=0.1632) 

while (E) shows the speed of the rotarod when the mice fell over the three day training period 

(one-way ANOVA , F (5, 12) = 2.019, p=0.1479). (F) shows a schematic representation of a 

mouse performing grip strength. (G) bar graph showing the amount of force the front limb of a 

mouse can exert on a scale (one-way ANOVA, F (5, 52) = 3.189, p=0.0138) while (H) is a bar 

graph showing the amount of force the hind limb of a mouse can exert on a scale (one-way 

ANOVA , F (5, 52) = 1.416, p=0.2340). (Wild type, vehicle n=12 , 5xFAD, vehicle, n= 7, 

5xFAD, 2AT-L n=10, 5xFAD, 2AM-L n= 10, 5xFAD, 4AM-L n=10,5xFAD, 4AT-L n=10). 

Error bars are standard error of the mean. 
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Supplemental Figure S4.4. Y-maze assesses for working memory which is not reverse in 

5xFAD mice vaccinated with 2AT-L (n=10), 2AM-L (n=10), 4AT-L (n=10), and 4AM-L (n=9). 

Treated mice were compared to wild-type mice (n=12) and 5xFAD mice (n=7) treated with 

vehicle. One-way ANOVA (F (5, 52) = 1.090l, p=0.3771). (A) Shows a schematic representation 

of a mouse in the Y-maze. (B) Bar graph showing percent alternations of mice in during the 

entirety of the test. Error bars are standard error of the mean. 
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Supplemental Figure S4.5. Barnes maze accessing for navigation skills in treated mice which is 

not reversed in 5xFAD mice vaccinated with 2AT-L (n=10), 2AM-L (n=10), 4AT-L (n=10), and 

4AM-L (n=9). Treated mice were compared to wild-type mice (n=12) and 5xFAD mice (n=7) 

treated with vehicle. One-way ANOVA (F (5, 52) = 1.090l, p=0.3771). (A-C) shows a schematic 

representation of a mouse in the Barnes maze demonstrating a random (A), serial (B), or (C) 

direct navigation strategy. (D-F) line graphs showing the average strategy each mouse performed 

during three days of training which was either (D) random (one-way ANOVA, F (5, 12) = 2.308, 

p=0.1092), (E) serial (one-way ANOVA, F (5, 12) = 2.232, p=0.1182), or (F) direct (one-way 

ANOVA, F (5, 12) = 0.4057, p=0.8358) navigation strategy. (G) bar graph for the final testing 

showing average percent strategy each mouse performed (one-way ANOVA, F (5, 12) = 8.808e-

019, p>0.9999).    
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Supplemental Figure S4.6. Barnes maze accessing for spatial memory in treated mice which is 

not reversed in 5xFAD mice vaccinated with 2AT-L (n=10), 2AM-L (n=10), 4AT-L (n=10), and 

4AM-L (n=9). Treated mice were compared to wild-type mice (n=12) and 5xFAD mice (n=7) 

treated with vehicle. (A) is a bar graph generated by calculating the area under the curve from the 

average time it took for mice in each treatment group to find the target hole across a total of 12 

training sessions (one-way ANOVA, F (5, 624) = 4.05, p=0.0013). (B) shows a bar graph for the 

final testing showing primary latency for mice in each treatment group to get to the target hole 

(one-way ANOVA, F (5, 52) = 3.324, p=0.0111).).    
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Supplemental Table S4.1. Reagents Used in Paper 

Item Supplier Cat No Lot No Storage Dilution/ 

Concentration for 

IF and IHC 

Materials for  ELISA 

Peroxidase 

AffiniPure Goat 

Anti-Mouse IgG 

(H+L) 

Jackson 

ImmunoResearch 

115-035-003 N/A -80 

degrees 

1: 5000 

500 ml 

TMB/E Single 

Reagent, Blue 

color, Horseradish 

Peroxidase Substr

ate 

Millipore ES001-500ML 4 degrees 50 uL 

per well 

500 ml 

TMB/E Single 

Reagent, Blue 

color, Horseradish 

Peroxidase Substrat

e 

Materials for Immunofluorescent Staining  (IF) 

Thioflavine S 

(Practical Grade) 

Sigma-Aldrich T1892-25G MKCH41

08 

RT 0.5% in 50% EtOH 

TrueBlack™ 

Lipofuscin 

Autofluorescence 

Quencher 

GoldBiotechnology TB-250-1 N/A RT 50 uL per 1 mL of 

70% EtOH 

Materials  for Immunohistochemistry Staining (IHC) 

DPX Mounting 

Media 

Sigma-Aldrich SKU 06522 N/A RT N/A 

Vectastain Elite 

ABC-HRP Kit 

Peroxidase 

Vector Laboratories Cat. No. PK-6100 N/A 4 degrees Manufacturer’s 

instructions 

DAB Substrate 

Kit, Peroxidase 

(HRP), with 

Nickel 

Vector Laboratories Cat. No. SK-4100 N/A 4 degrees Manufacturer’s 

instructions 
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88% formic acid 

(Certified ACS) 

Fisher Chemical Cat. No. A118P-100 RT 88% 88% formic acid 

(Certified ACS) 

Normal goat 

serum 

Vector laboratories REF S-1000 4 degrees 5% (v/v) Normal goat serum 

Mouse IgG 

Blocking Reagent 

Vector Laboratories Cat. No. MKB-2213  

N/A 

 

4 degrees 

Manufacturer’s 

instructions 

Normal Horse 

Serum 

Vector Laboratories REF S-2000 N/A 4 degrees 5% (v/v) 

Horse Anti-Rabbit 

IgG Antibody 

(H+L), 

Biotinylated 

Vector Laboratories BA-1100-1.5 N/A 4 degrees 1:1000 

Horse Anti-Mouse 

IgG Antibody 

(H+L), 

Biotinylated 

Vector Laboratories BA-2000-1.5    

0.1% Cresyl 

Violet 

Abcam ab246817 N/A 4 degrees  

Horse Anti-Mouse 

IgG Antibody 

(H+L), 

Biotinylated 

Vector Laboratories BA-2000-1.5    
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Characterization data for monomer 4AM-L 
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Chapter 5 

Preliminary results on antibodies generated from a 

triangular trimer from Aβ recognizing Aβ pathology 

exclusive to people who lived with Down Syndrome and 

Alzheimer’s disease (DSAD): an epilogue 

Preface 

 In this epilogue, I discuss preliminary data and the motivation behind performing 

immunofluorescence studies with the antibody described in Chapter 2 (pAb4AT-L) on people who 

lived with Down Syndrome and Alzheimer’s disease (DSAD). AD can be considered a 

genetically inherited disease as risk factors can impact the onset of AD from as early as 40 years 

old. A unique case of genetically inherited AD is DSAD. DSAD is the early onset of AD in 

people who are carriers of an extra chromosome 21 (hence, Trisomy 21). The amyloid precursor 

protein (APP) is located in Chromosome 21. 

Introduction  

 Alzheimer's disease (AD) is a neurological proteinopathy that is the 7th leading cause of 

death in the United States alone.1,2 Risk factors associated with AD can be genetically inherited 

and are used to better understand the cause of AD. The apolipoprotein gene (APOE) is a genetic 

risk factor associated with early-onset AD (EOAD), and includes the APOE ε2, APOE ε3, and 

APOE ε4 allele.3,4 Although genetic testing is not routinely used in the clinic, the results of 
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clinical studies may influence routine neurological health screenings especially to identify 

candidates for novel AD therapies. In a phase II study of Eisai’s Lecanemab, severe cases of 

ARIA (Amyloid Related Imaging Abnormalities) associated with hemorrhages and inflammation 

(ARIA-H, and ARIA-E, respectively) correlated with people who were homozygous carriers for 

APOE ε4.5 Therefore, as a precaution, it is recommended that people are genetically screened 

before taking this immunotherapy. This is one of the many genetic AD-associated outcomes in 

clinical trials influencing medical practices and research associated with a better understanding 

of AD.  

Familial Alzheimer’s disease (FAD) mutations are another form of genetically inherited 

AD that has allowed researchers to understand the molecular bases of the disease. These 

autosomal dominant mutations are also associated with EOAD and are named by the mutations 

in the genes of the amyloid precursor protein (APP) and presenilin 1 and 2 (PSEN1, PSEN2) 

which are involved in the production of the Aβ peptide.3,6 FAD mutations have been used to 

generate AD transgenic mouse models to better understand the molecular basis of AD. The 

development of AD transgenic mice has enhanced the understanding of the disease and the 

development of therapies. However, these models lack predictive and construct validity which 

has been seen as therapies transition from preclinical research in mice to clinical trials in 

people.7–9 Another form of genetically inherited AD is developed by people who live with Down 

Syndrome (DS). 

People who live with DS can provide a wealth of knowledge in understanding the onset 

of AD in the general population. DS is a genetic disease that is caused by an extra chromatid in 

chromosome 21 (hence, Trisomy 21). The APP gene is located in chromosome 21, accelerating 
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the deposition of AD in people with DS (DSAD).10 By 40 years old, people living with DS 

dramatically accumulate Aβ, resulting in a deposition of Aβ that is higher in the general AD 

population.11 People with DSAD also have elevated levels of toxic soluble Aβ and incidences of 

cerebral amyloid angiopathy (CAA).12,13 Immunostaining studies revealed new pathology present 

in people who live with DSAD that is also present in people who live with EOAD.14,15 This 

unique pathology, namely coarse-grained plaques and bird’s nest plaques, demonstrates the 

unique plaque pathogenesis of people who live with DSAD and EOAD.14,15 

Coarse-grained plaques and bird’s nest plaques were found in the sulcal depths and 

associated with CAA. Coarse-grained plaques are defined as ranging from 30-100 µm, have 

coarse-grainy deposits with multiple cores, and lack a border as well as Aβ pores.16 Bird’s-nest 

plaques are described as containing thick and dense amyloid fibrils and having a definite border 

that is formed by reactive astrocytes.15 The presence of these plaques suggests unique plaque 

pathogenesis in people who live with DSAD and EOAD. Because people living with DS have a 

set temporal progression and the onset of AD, this provides construct and predictive validity that 

is lacking in transgenic mouse models or animals who naturally obtain AD-like phenotypes with 

aging. The genetic mutations in people who live with DS can allow researchers to investigate the 

onset of AD in a more relevant model that can be applied to the general AD population. 

In this preliminary study, we explore the forms of pathology that the pAb4AT-L recognizes 

in people who live with DSAD. Chapter 2 established that the pAb4AT-L antibody recognizes 

cored and neuritic plaques along with cerebral amyloid angiopathy (CAA) that share a 

conformation or arrangement similar to the 4AT-L trimer. We further speculate that pAb4AT-L 

recognizes Aβ oligomers in these pathologies. Findings from this study support the hypothesis 
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that pAb4AT-L recognizes specific conformations of Aβ that differ from those recognized by a 

non-conformation-specific Aβ dye (Amytracker-680). We hypothesize that pAb4AT-L will 

recognize similar pathology as people who lived with LOAD. More specifically, we investigate 

whether pAb4AT-L recognizes unique pathology that is exclusive to people who lived with DSAD 

and EOAD. Results from this study may provide additional insight into the composition of Aβ 

plaques and the role arrangements of conformations of the 4AT-L trimer may be involved in the 

pathogenesis and progression of AD.  

Results and Discussion 

 To perform initial characterization of pathology recognized by pAb4AT-L in sections of 

frontal cortex from two males with DSAD (~50 years old), we co-stained pAb4AT-L with an Aβ 

dye (Amytracker-680). Amytracker-680 is a modern bright fluorescence stain used for labeling 

protein aggregates with repetitive β-sheet arrangements.17 Traditionally, Thioflavin-S is used to 

stain for similar aggregates that is identified with Amytracker-680 however, unlike Thioflavin-S, 

Amytracker-680 can be used in immunofluorescent staining. By observing the colocalization of 

pathology or lack thereof on the same tissue between Amytracker-680 with pAb4AT-L, we gain 

additional insight on the molecular entities recognized by either Amytracker-680 with pAb4AT-L. 

 In DSAD brain sections stained with pAb4AT-L and Amytracker-680, there was a striking 

lack of colocation on similar pathology (Figure 5.1). Unlike pAb4AT-L, Amytracker-680 stains 

more plaques on the same area of tissue than pAb4AT-L (Figure 5.1 B). Observed differences are 

noted by the * symbol. pAb4AT-L recognizes CAA which appears to not be colocalized with 

Amytracker-680 which is noted by the ^ signal (Figure 5.1 A and B). Although very minor 
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pAb4AT-L and Amytracker-680 have some colocalization on the tissue which is denoted in the # 

symbol (Figure 5.1 C). 

pAb4AT-L recognition of plaques and CAA in brain tissue from people who lived with 

DSAD are consistent with the patterns observed on brain tissue from people who lived with 

LOAD.d  The lack of colocalization suggests pAb4AT-L recognizes different conformations of Aβ 

that differ from Amytracker-680 with some exceptions of overlap as seen in the # signal of 

(Figure 5.1 C). Together, the lack of colocalization between pAb4AT-L  and Amytracker-680 

suggest that pAb4AT-L is more conformation-specific than Amytracker-680.  

Figure 5.1. Fluorescent micrographs of occipital cortex brain slices from two individuals who 
lived with DSAD. The * symbol showing area on the tissue where there is a lack of 

colocalization between pAb4AT-L and Amytracker-680. The ^ symbol shows CAA that is 
recognized with pAb4AT-L. The # symbol shows colocalization between pAb4AT-L and 

Amytracker-680. (A) is a micrograph showing pAb4AT-L recognizing Aβ pathology (green). (B) 
is a micrograph showing Amytracker-680 recognizing insoluble dense Aβ pathology (red). (C) 
are overlays of pAb4AT-L and Amytracker-680. All images were taken at 20X magnification; the 

scale bar is 50 µm.  

 

 To better understand the distinct differences between pAb4AT-L and Amytracker-680, we 

observed the kind of plaques based solely on plaques morphology. pAb4AT-L appears to identify 

 
d Staining experiments used to characterize pAb4AT-L (as explained in Chapter 2) was performed on the occipital 

cortex of people who lived with LOAD. Staining experiments used to characterize pAb4AT-L in this preliminary study 

was performed on the frontal cortex of people who lived with DSAD. To make more meaningful comparisons, 

future studies should stain the occipital cortex of people who live with DSAD.   
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cored plaques that are not recognized by Amytracker-680 (Figure 5.2 A and B). These plaques 

are denoted with a * symbol. These observations suggest that suggest pAb4AT-L may recognize 

coarse-grained plaques or bird’s nest plaques that are exclusive in people who live with DSAD 

or EOAD. These plaques are denoted with the ^ symbol. If these plaques are indeed cored 

plaques, coarse-grained plaques or bird’s nest plaques, the preliminary results may suggest that 

these specific plaques may have an arrangement of conformation similar to the 4AT-L trimer. 

Additional immunostaining studies (such as co-staining with IBA-1 and GFAP) should be 

performed to confirm the plaque phenotypes. 

 In another form of plaque morphology, we observed Aβ pathology recognized by pAb4AT-

L wrap around other forms of Aβ pathology that is distinctly recognized by Amytracker-680 

which is denoted with the & symbol in Figure 5.2 C-E. We also observe this difference in 

recognition of similar pathology in (presumably) cored plaques (Figures 5.2F-H). pAb4AT-L is 

more selective in recognizing the cores and halos of the cored plaques (Figure 5.2 F) whereas 

Amytracker-680 recognition appears to be more central and less specific on the cored  plaque 

which is denoted by the % symbol in (Figure 5.2 G). 

The difference of recognition between Amytracker-680 and pAb4AT-L may provide insight 

on the composition of plaques in people who lived with DSAD and EOAD. Amytracker-680 

recognizes β-sheet formation, and therefore fibril species of Aβ. As established in Chapter 2, 

pAb4AT-L recognizes Aβ oligomers that surround the cores of cored plaques in people who live 

with LOAD. Immunofluorescent staining of pAb4AT-L in people who live with DSAD supports 

that pAb4AT-L recognizes soluble Aβ (and perhaps Aβ oligomers) in plaques. These preliminary 
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studies provide an opportunity to further investigate the recognition of pAb4AT-L in people who 

live with DSAD. 

Figure 5.2. Fluorescent micrographs of frontal cortex brain slices from two individuals who 
lived with DSAD stained with pAb4AT-L and Amytracker-680. (A and B) are images showing 

DAPI nuclear stain (blue), pAb4AT-L recognizing Aβ pathology (green) with minor colocalization 
to Amytracker-680 (red). The * symbols denote possible pathology unique to people who live 

with DSAD and EOAS that are recognized by pAb4AT-L. (C and D) are images showing lack of 
recognition between pAb4AT-L (C) Amytracker-680 with pAb4AT-L appearing to wrap around the 
insoluble Aβ pathology recognized by Amytracker-680 (D). (E) is an overlay of (C and D) with 

DAPI (blue). (F-H) are images of are images showing DAPI nuclear stain (blue), pAb4AT-L 
potentially recognizing regions of cored plaques (green) that do not appear to colocalize with 

Amytracker-680 (red). All images were taken at 20X magnification; the scale bar is 50 µm.  
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Future directions  

The presented preliminary data has the potential to grow into a comprehensive 

assessment showing how pathology recognized by the pAb4AT-L would correlate with the onset of 

DSAD. The onset of AD in people with DSAD is temporal, meaning that the onset of AD 

symptoms can be relatively predictable. By the age of 40, virtually all people living with DS 

present AD pathology with the onset of cognitive symptoms occurring ca. 20 years later.11 Future 

directions of this preliminary investigation may include performing tissue staining with a range 

of ages starting from a people who lived until their 20s to people who lived until their 60s. More 

specifically, tissue staining with pAb4AT-L starting with a population of people where changes in 

pathology may be detectable (around the age of 20 years old) to where the onset of cognitive 

impairment is apparent (around the age of 60 years old). Ultimately the data set could be 

quantified and build what is commonly referred to as a “Jack curve” in the AD community, 

which graphically demonstrates the onset of certain AD pathologies in people as they age in 

years.18 If pursued, this body of work should be executed as a collaboration with the Head Lab 

as they are spearheading efforts to detect the onset of multiple pathologies in people who live 

with DSAD.  

While these preliminary studies are informative, I recommended that they are repeated in 

with monoclonal antibodies generated from pAb4AT-L. While pAb4AT-L is a robust tool for better 

understanding plaque morphology, monoclonal antibodies would be better in identifying regions 

of pathology because each monoclonal antibody recognizes a specific epitope. Because coarse-

grained plaques and bird’s-nest plaques are so novel, it is imperative to have the defining 

immunostaining experiments on these plaques performed in conjunction with staining 
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experiments with pAb4AT-L and associated monoclonal antibodies.15,16 Characterizing pAb4AT-L 

and associated monoclonal antibodies in a diverse population of people who live with AD will 

enrich the understanding of the kind of pathology recognized by pAb4AT-L. From these studies, 

additional hypotheses about the role the 4AT-L trimer in the pathogenesis and progression of AD 

can be formed, thus further establishing a connection between the structural biology of peptides 

and proteins in proteinopathies like AD.  

Materials and Methods 

All procedures and materials used in these experiments including the source of occipital 

cortex from people who lived with DSAD, immunofluorescence staining, sectioning of tissue 

from humans, and image acquisition can be seen in Chapter 2. The only difference in 

immunofluorescent staining procedures was that at the very end of the staining procedures, 

1:1000 dilution of Amytracker-680 (Ebba Biotech AB) in 1 X TBS was added to the tissue for 5 

minutes before being washed in three, 5-minute washes of 1 X TBS followed by DAPI staining. 

Samples for immunofluorescent staining were spare tissue from the Head lab which are typically 

used as pilot studies. It is also important to note that all brain tissue sections in this study were 

extra sections obtained during the sectioning process and therefore may not be the same 

thickness throughout the section.  
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Chapter 6  

Conclusion and Future Directions 

The application of triangular trimers derived from Aβ to create antibodies for 

immunohistochemical studies and as vaccines against Alzheimer’s disease (AD) addresses the 

need to understand the structures of the Aβ peptide aggregates that cause neurodegeneration. 

Studies that connect the structures of causative peptides such as Aβ in AD will expand the 

molecular understanding of the disease and ultimately the development of therapies to slow 

down disease progression.  

Chapter 2 demonstrates the generation of pAb4AT-L, a conformation-specific antibody 

generated from a readily synthesized, conformationally defined Aβ-derived peptide (4AT-L 

trimer). Immunofluorescent staining experiments revealed that pAb4AT-L recognizes neuritic 

plaques, cerebral amyloid angiopathy (CAA), and strongly recognizes the cores of cored plaques.  

The staining of the cores of cored plaques by pAb4AT-L supports the previously proposed model 

in which the cores of cored plaques are surrounded by and attract Aβ oligomers to induce 

dystrophic neurons and ultimately cognitive decline in AD. The features of plaques recognized 

by pAb4AT-L and unique conformationally defined antigen 4AT-L make pAb4AT-L a valuable tool 

for identifying Aβ plaque composition and providing functional insights into Aβ plaque 

morphology.  

Preliminary results described in chapter 5 suggests that pAb4AT-L selectively recognizes 

pathology in people who lived with Down Syndrome and Alzheimer’s disease (DSAD). This 

body of work has the potential to grow into a comprehensive investigation showing how 
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pathology recognized by pAb4AT-L would correlate with the temporal onset of AD pathology and 

phenotypes. While pAb4AT-L is a robust tool for better understanding plaque morphology, 

monoclonal antibodies would be better in identifying regions of pathology because each 

monoclonal antibody recognizes a specific epitope. Because coarse-grained plaques and bird’s-

nest plaques are recently characterized, it is important to have the defining immunostaining 

experiments on these plaques performed in conjunction with staining experiments with pAb4AT-L 

and associated monoclonal antibodies.1,7  

Characterizing pAb4AT-L and associated monoclonal antibodies in AD pathology in 

different groups of people who live with LOAD, DSAD, or EOAD will enrich the understanding 

of the kind of pathology recognized by pAb4AT-L. From these studies, additional hypotheses 

about the role the 4AT-L trimer in the pathogenesis and progression of AD can be formed, thus 

further establishing a connection between the structural biology of peptides and proteins in 

proteinopathies like AD. The work outlined in chapters 2 and 5, can be repeated or even further 

explored with the monoclonal antibodies isolated in pAb4AT-L. Isolating and characterizing a 

monoclonal antibody could help better understand the antibody binding to species of Aβ through 

immunoassays and even structural biology tools such as X-ray crystallography. Isolating a well 

characterized monoclonal antibody could also serve as a potential preclinical passive 

immunotherapy candidate in transgenic AD mice which would expand the work outlined in 

chapter 3 and 4.  

Chapter 3 discusses the current landscape of current peptide vaccines and 

immunotherapies against AD while chapter 4 discusses the therapeutic potential of structurally 

defined models of Aβ monomers and oligomers by using them as antigens for novel Aβ peptide 
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vaccines for mice. Current peptide vaccine and immunotherapies against AD are typically 

immunized with the N-terminus of Aβ to proliferate antibody production and not the onset of 

ARIA (Amyloid Related Imaging Abnormalities). Although the middle region of Aβ (residues 

16-32) have been avoided out of concerns to induce ARIA, this region of Aβ can present unique 

peptide epitopes in loop-like conformations when folded into β-hairpins, which are thought to 

make up the Aβ oligomers associated with neurodegeneration.8 Chapter 4 demonstrates our 

attempt to create an efficacious vaccine in transgenic AD mice using structurally defined Aβ-

derived trimers and monomers.  

In chapter 4, we conclude that among the four peptide vaccines (2AM-L, 2AT-L, 4AM-

L, and 4AT-L), a fully factorial experimental design with larger group sizes (n=18) should be 

pursued with a peptide with the 2AT-L trimer. Vaccine formulations with 2AT-L that are biased 

towards a B-cell (Th-2) response may prevent the onset of microhemorrhages (ARIA) which is 

an important safety concern with both peptide vaccines and immunotherapies. On the occasion 

that a monoclonal antibody generated from pAb4AT-L, I recommend comparing the efficacy of 

this potential preclinical monoclonal antibody candidate to be compared with the clinical 

candidate, Acumen’s “AβO-selective therapeutic antibody,” ACU193.8  

This body of work is one of earliest collection of studies in the Nowick Group which 

provides a biological and therapeutic application to structurally defined triangular trimers 

derived from Aβ. As this collection of studies continue to grow, it is important that these studies 

be shared outside of the peptide research community and into the AD community. Suggested 

spaces for presentation would include more biologically affiliated conferences such as the 

Association of Alzheimer’s Disease International Conference (AAIC). Future expansion of this 
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body of work and scientific exchange in the AD conferences will continue to connect structures 

of the Aβ peptide aggregates to neurodegeneration in the hopes of better understanding the 

molecular basis of AD, and develop therapies to slow down the progression of AD.  
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