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Abstract  
Alzheimer's disease (AD), a predominant neurodegenerative disorder, leads to cogni-

tive impairment stemming from extensive neuronal loss with limited disease-modifying 

therapies (DMTs) available. Central to AD pathology is the accumulation of amyloid-

beta (Aβ) peptide, a key player in disease progression. In addition to the Aβ-specific 

monoclonal antibodies, islet amyloid polypeptide (IAPP) has been found to attenuate 

amyloid self-assembly in vitro and in vivo. Building on IAPP's "cross-amyloid" inhibitor 

function, the macrocyclic 17-residue peptide 2E was designed as a mimic of the inter-

action surface of IAPP with Aβ. Encouragingly, 2E turned out to be a potent inhibitor 

with nanomolar affinity of Aβ amyloid self-assembly in vitro and, in addition, it exhibited 

a significant proteolytic stability in human plasma and the ability to cross the blood-

brain barrier (BBB) in a cell model. These favorable, drug-like, properties of 2E moti-

vated us to test its effectiveness on amyloid pathology in AD mouse models.  

In my thesis, I investigated the efficacy of two treatment paradigms of the macrocyclic 

peptide 2E in ameliorating amyloid pathology using both female and male 5XFAD 

mice, a commonly used animal model for AD. The findings revealed a significant re-

duction in cortical amyloid deposition, decreased plasma and CSF Aβ42 concentra-

tion, increased Aβ40 levels, shifted amyloid deposition from brain parenchyma to 

blood vessels, decreased neuronal damage, and enhanced astrocytic activation upon 

2E administration. Similar effects of 2E on soluble Aβ42 and Aβ40 changes were ob-

served in APPNL-G-F transgenic mice. Furthermore, treated 5XFAD mice displayed 

improvements in memory and motor functions without any alterations in anxiety or 

stress responses, as evidenced by various behavioral tests. Notably, I established a 

novel method to perform high-resolution RNA sequencing from PFA-fixed microscopy 

slices. RNA-seq analyses highlighted 2E's ability to bolster astrocytic activation while 

reversing AD-associated neuronal gene expression changes. Importantly, following 

intraperitoneal (i.p.) injection, 2E's presence in the brain attests to its biodistribution 

capability. Thus, the macrocyclic peptide 2E, either as a standalone or combined with 

other anti-amyloid strategies, emerges as a promising drug candidate to combat Aβ-

driven AD pathogenesis.  
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Zusammenfassung  

Die Alzheimer-Krankheit (AD), eine vorherrschende neurodegenerative Störung, führt 

zu kognitiven Beeinträchtigungen, die auf einen umfassenden Verlust von Nervenzel-

len zurückzuführen sind, wobei nur begrenzte krankheitsmodifizierende Therapien 

(DMTs) zur Verfügung stehen. Zentraler Bestandteil der Alzheimer-Pathologie ist die 

Anhäufung von Amyloid-beta (Aβ)-Peptiden, die eine Schlüsselrolle beim Fortschrei-

ten der Krankheit spielen. Zusätzlich zu den Aβ-spezifischen monoklonalen Antikör-

pern wurde festgestellt, dass das Insel-Amyloid-Polypeptid (IAPP) die Amyloid-Selbst-

organisation in vitro und in vivo abschwächt. Aufbauend auf der "Cross-Amyloid"-

Hemmfunktion von IAPP wurde das makrozyklische Peptid 2E mit 17 Residuen als 

Nachahmung der Interaktionsfläche von IAPP mit Aβ entwickelt. Erfreulicherweise er-

wies sich 2E als potenter Inhibitor mit nanomolarer Affinität der Aβ-Amyloid-Selbstor-

ganisation in vitro und zeigte darüber hinaus eine hohe proteolytische Stabilität in 

menschlichem Plasma und eine Durchlässigkeit der Blut-Hirn-Schranke (BHS) in ei-

nem Zellmodell. Diese vorteilhaften, arzneimittelähnlichen Eigenschaften von 2E mo-

tivierten uns, seine Wirksamkeit auf die Amyloid-Pathologie in AD-Mausmodellen zu 

testen.  

In meiner Dissertation untersuchte ich die Wirksamkeit von zwei Behandlungspara-

digmen des makrozyklischen Peptids 2E bei der Verbesserung der Amyloid-Patholo-

gie an weiblichen und männlichen 5XFAD-Mäusen, einem häufig verwendeten Tier-

modell für AD. Die Ergebnisse zeigten eine signifikante Verringerung der kortikalen 

Amyloidablagerung, eine verringerte Aβ42-Konzentration im Plasma und im Liquor, 

erhöhte Aβ40-Spiegel, eine Verlagerung der Amyloidablagerung vom Hirnparenchym 

zu den Blutgefäßen, eine verringerte neuronale Schädigung und eine verstärkte ast-

rozytäre Aktivierung nach der Verabreichung von 2E. Ähnliche Wirkungen von 2E auf 

die Veränderungen von löslichem Aβ42 und Aβ40 wurden bei APPNL-G-F transgenen 

Mäusen beobachtet. Darüber hinaus zeigten behandelte 5XFAD-Mäuse Verbesserun-

gen im Gedächtnis und in der Motorik, ohne dass es zu Veränderungen bei Angst- 

oder Stressreaktionen kam, wie verschiedene Verhaltenstests zeigten. Insbesondere 

habe ich eine neue Methode zur hochauflösenden RNA-Sequenzierung von PFA-fi-

xierten Mikroskopschnitten entwickelt. RNA-seq-Analysen unterstrichen die Fähigkeit 



 

 

 

6 

von 2E, die astrozytäre Aktivierung zu verstärken und gleichzeitig AD-assoziierte neu-

ronale Genexpressionsänderungen umzukehren. Wichtig ist, dass nach einer intrape-

ritonealen (i.p.) Injektion das Vorhandensein von 2E im Gehirn seine Fähigkeit zur 

Biodistribution beweist. Somit erweist sich das makrozyklische Peptid 2E, entweder 

als Einzelwirkstoff oder in Kombination mit anderen Anti-Amyloid-Strategien als viel-

versprechender Arzneimittelkandidat zur Bekämpfung der Aβ-bedingten AD-Pathoge-

nese. 
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1. Introduction 

1.1 Alzheimer’s disease (AD) 

AD (named after the German psychiatrist Alois Alzheimer) is defined as a slowly pro-

gressive neurodegenerative disease defined by the depositions of amyloid plaques 

and neurofibrillary tangles (NFTs) within the brain (Alzheimer et al., 1995; Breijyeh & 

Karaman, 2020). AD represents the predominant form of dementia, a broad term for 

the decline in memory and other cognitive functions, constituting the majority of de-

mentia cases (DeTure & Dickson, 2019). The most significant risk factor identified for 

AD is advancing age or aging, with the majority of AD patients being 65 years of age 

or older. However, AD is not considered to be a normal part of aging. AD can affect 

persons under 65, referred to as younger-onset or early-onset AD (YOAD or EOAD) 

(Mendez, 2019). People with YOAD can be at any stages of the disease, including the 

early, middle, or late stages. AD worsens over time since it’s a progressive condition, 

leading to a gradual worsening of dementia symptoms over several years (Tarawneh 

& Holtzman, 2012). At the onset of AD, memory loss is mild, but as the disease pro-

gresses to its late stages, individuals lose the capacity to engage in normal conversa-

tion and to react to their surroundings. On average, individuals diagnosed with AD can 

live between 4 to 8 years, though some may live up to 20 years, depending on various 

other factors.   

1.2 Clinical aspects of Alzheimer’s disease 

1.2.1 Epidemiology 

As reported by the World Health Organization (WHO), over 55 million people globally 

were living with dementia in 2020 (Figure 1). As a result of the global rise in the aging 

population, the number of individuals living with AD dementia is projected to nearly 

double every 20 years, approaching 78 million by 2030 and 139 million by 2050, with 

a significant portion of this increase from the developing countries (Shin, 2022). Cur-

rently, approximately 1.8 million people are diagnosed with dementia in Germany, with 

around 400 thousand new dementia cases per year (Blotenberg et al., 2023). To date, 

it is estimated that more than 6 million aged 65 and older are living with Alzheimer's 
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dementia in America, making it the 5th leading cause of death (“2023 Alzheimer’s Dis-

ease Facts and Figures,” 2023). According to an updated report, over 15 million indi-

viduals in China aged 60 or older are afflicted with dementia, with approximately 10 

millions of these cases attributed to AD (Ren et al., 2022).  

 

Figure. 1 | Global prevalence trends of dementia, 2019-2050. Age-standardized prevalence of de-
mentia (left panel), and all-age number of individuals with dementia (right panel) with 95% uncertainty 

intervals. GBD: Global Burden of Diseases, Injuries, and Risk Factors Study. Modified and cited from 

(GBD 2019 Dementia Forecasting Collaborators, 2022).  

 

1.2.2 Risk factors 

AD is linked to various risk factors, including age, gender, genetic factors, lifestyle 

choices, and concurrent health conditions (Armstrong, 2019). Firstly, age is a signifi-

cant risk factor as the chance of developing AD increases when people get older, 

particularly after 65 years old. Statistics show that the risk of AD doubles roughly every 

five years past this age (Guerreiro & Bras, 2015). Secondly, gender plays a role in AD. 

Women over 65 are approximately twice as likely to develop AD compared to men, a 

disparity partly attributed to women's longer life expectancy. Intriguingly, even after 

80, women still exhibit a marginally higher risk than men of the same age (Mielke, 

2018). Medical research indicates that early menopause induced by medical treat-

ments may elevate the risk, although it remains uncertain whether natural menopause 

carries the same implications (Shuster et al., 2010). Thirdly, genetic factors play a 

crucial role in the development of AD, particularly in early-onset or familial AD (FAD) 

(Bekris et al., 2010). FAD is often linked to specific gene mutations, including those in 
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the amyloid precursor protein (APP) and presenilin (PSEN1/2) genes (Lanoiselée et 

al., 2017). These mutations, if inherited, can be strong indicators of the disease. How-

ever, the exact mechanisms by which family genetics influence AD risk remain largely 

unknown, with many factors likely contributing to its complexity. Notably, FAD is rela-

tively rare and typically appears before the age of 60  (Bird, 2008). Apart from familial 

genes, risk genes also contribute to Alzheimer's susceptibility. These genes are more 

common than familial genes but do not guarantee the development of the disease. A 

prominent example is a variant of the apolipoprotein E (APOE) gene, particularly the 

APOE e4 allele. This allele is found in approximately 25% to 30% of the population 

and is linked to an elevated risk of developing AD (Liu et al., 2013).  

In addition to above mentioned un-controllable risk factors, some risk factors can be 

controlled, like lifestyle and health conditions. Adopting a healthy lifestyle, particularly 

from mid-life (ages 40-65), can significantly decrease the likelihood of developing AD 

(Livingston et al., 2020). Key aspects of this include avoiding smoking, moderating 

alcohol consumption, and maintaining a balanced diet. Engaging in regular physical, 

mental, and social activities also plays a crucial role in reducing AD risk (Meng et al., 

2020). Such activities keep the brain and body active and connected, potentially ward-

ing off the onset of the disease. Moreover, traumatic brain injuries (TBIs), which result 

from blows or jolts to the head and often lead to unconsciousness, are known to in-

crease AD risk (Ahmed et al., 2017). Therefore, consistent head protection throughout 

life may help in lowering this risk. Various health conditions can heighten the risk of 

developing AD and vascular dementia. Key risk factors include diabetes, stroke, heart 

issues, cardiovascular risk factors (such as mid-life hypertension, elevated choles-

terol, and obesity), age-related hearing loss, and depression (Gottesman et al., 2017; 

Leszek et al., 2021). Each of these conditions either directly affects brain health or 

contributes to its decline, thereby increasing the likelihood of AD. 

1.2.3 Disease progression 

AD is a gradually progressive neurodegenerative disorder. It primarily affects memory 

and cognitive abilities, frequently leading to alterations in mood and personality (“2023 

Alzheimer’s Disease Facts and Figures,” 2023). Typically, patients transition from mild 

to severe AD within a timeframe of 7 to 10 years (Holtzman et al., 2011a). Revised 
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guidelines by the Alzheimer's Association and the National Institute on Aging intro-

duced a three-stage classification for AD: preclinical AD, mild cognitive impairment 

(MCI) due to AD, and dementia due to AD (Budson & Solomon, 2012; Croisile et al., 

2012). During the preclinical phase, individuals show no symptoms, but brain changes 

may start up to 20 years before clinical diagnosis (Dubois et al., 2016). MCI is charac-

terized by a noticeable, albeit mild, cognitive decline, with 10-15% of cases annually 

advancing to AD (Petersen et al., 2014; Vega & Newhouse, 2014). In the final phase 

of AD, characterized by dementia, individuals experience profound memory decline, 

communication barriers, alterations in personality, motor skill deterioration, and chal-

lenges with spatial orientation (Cipriani et al., 2020). In the terminal stage, patients 

become completely dependent on caregivers, losing basic motor functions, such as 

swallowing. AD is ultimately a fatal disease, often resulting in death due to complica-

tions such as pneumonia (Manabe et al., 2019). 

1.2.4 Diagnosis and treatment  

1.2.4.1 Diagnosis 

Currently, a definitive AD diagnosis is confirmed post-mortem through neuropatholog-

ical examination, focusing on amyloid plaques and NFTs in the brain (DeTure & 

Dickson, 2019). However, cognitive, and behavioral changes and family history are 

used for a probable AD diagnosis during life. Diagnosing early-stage AD, particularly 

for mild cognitive impairment (MCI), focuses on detecting physical and cognitive short-

falls. This includes memory loss and challenges in recognition (agnosia), language 

use (aphasia), motor activities (apraxia), or decision-making (executive functioning) 

that significantly affect daily life (Vega & Newhouse, 2014). Various tests, like the mini-

mental state examination (MMSE), clock drawing test (CDT), and Cambridge cognitive 

examination (CAMCOG), assess mental status throughout the disease (Cecato et al., 

2010; Jonker et al., 2000). Neuroimaging methods such as magnetic resonance im-

aging (MRI), computed tomography (CT), and positron emission tomography (PET) 

scans are crucial in diagnosing MCI due to AD and its progression, as well as ruling 

out other dementia causes (Croisile et al., 2012; Perrin et al., 2009). Additionally, cer-

ebral spinal fluid (CSF) biomarkers, including reduced Aβx-42 and increased tau and 

phosphorylated tau levels, have shown promise in diagnosing MCI and AD (Fiandaca 

et al., 2015; Paterson et al., 2018). 
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1.2.4.2 Treatment 

The U.S. Food and Drug Administration (FDA) has authorized several prescription 

medications for AD management and treatment. These medications are most effica-

cious during the early to middle stages of AD. Notably, AD remains incurable at pre-

sent, but these medications help in managing symptoms for those with mild to moder-

ate AD, enhancing their quality of life and aiding caregivers.  

The primary class of drugs approved are cholinesterase inhibitors, including rivastig-

mine, galantamine, and donepezil, applicable to all AD stages. These drugs prevent 

the breakdown of acetylcholine, a neurotransmitter crucial for memory and thinking 

(Grossberg, 2003; Khoury et al., 2018). However, as AD progresses, the brain's ace-

tylcholine production diminishes, reducing these drugs' effectiveness. Individual re-

sponses to these inhibitors vary, so trialing different drugs can be beneficial. For mod-

erate to severe stages of Alzheimer's, memantine, an N-methyl-D-aspartate (NMDA) 

antagonist, is recommended (Olivares et al., 2012; Reisberg et al., 2003). This medi-

cation helps manage symptoms and potentially allows patients to maintain certain 

daily functions for a longer duration, such as using the bathroom independently. Me-

mantine operates by regulating glutamate, a brain chemical that, in excess, can cause 

brain cell death (Reisberg et al., 2003). Because NMDA antagonists and cholinester-

ase inhibitors function differently, they are often used in combination. 

For immunotherapies, lecanemab and aducanumab have been introduced for early-

stage AD (Sevigny et al., 2016a; van Dyck et al., 2023). Lecanemab targets beta-

amyloid peptides to decrease amyloid plaques, a key AD's feature. Clinical trials have 

shown that lecanemab can slow cognitive decline in early-stage patients. Aducanu-

mab, also targeting beta-amyloid, has been granted accelerated approval by the FDA 

but requires additional studies to fully confirm its clinical benefits (Mafi et al., 2022). 

Brexpiprazole, an atypical antipsychotic, has been approved for treating Alzheimer’s-

related agitation (Lee et al., 2023). This medication adds to the options for managing 

behavioral symptoms in Alzheimer's patients. 
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1.3 Neuropathological hallmarks of Alzheimer’s disease 

1.3.1 Amyloid plaques 

Amyloid plaques are a primary neuropathological characteristic in AD. These extracel-

lular deposits mainly consist of amyloid beta (Aβ) peptides, which result from the en-

zymatic breakdown of amyloid precursor protein (APP) (Hampel et al., 2021; O’Brien 

& Wong, 2011). There are two distinct categories of amyloid plaques: diffuse plaques 

(Figure 2A) and dense core plaques (Figure 2B) (Dickson, 1997; Serrano-Pozo et al., 

2011). Diffuse plaques are composed of non-fibrillar Aβ deposits with minimal neuritic 

dystrophy (Selkoe & Hardy, 2016) and range in size from 50 μm to hundreds μm (Fig-

ure 2A). These plaques are not exclusive to AD patients but can also be found in the 

cerebral cortex of cognitively normal elderly people (Serrano-Pozo et al., 2011). Char-

acteristically, diffuse plaques form initially in the neuropil and demonstrate weak stain-

ing with thioflavin S and other dyes that bind to amyloid substances. Conversely, 

dense core plaques feature compact, dense amyloid formations that exhibit strong 

positivity under thioflavin S fluorescent microscopy and Congo red staining (Figure 

2B), indicating the presence of more fibrillogenic Aβ forms (Koronyo et al., 2017; 

Kumar-Singh et al., 2002). Notably, a specific group of dense core plaques includes 

neuritic components (Figure 2C-D). These cored neuritic plaques (NPs) often sur-

rounded by tau-positive or dystrophic neurites, identifiable using various markers such 

as synaptic and APP immunohistochemistry (Dickson, 1997). Dense-cored NPs are 

linked to synaptic degradation and the presence of activated microglia and reactive 

astrocytes (Serrano-Pozo et al., 2011; Yasuhara et al., 1994).  

Conversely, diffuse plaques generally lack neuritic components, although diffuse NPs 

can occur in advanced AD (Dickson, 1997). Diffuse plaques, detectable through Aβ 

immunohistochemistry, encompass filamentous Aβ at the ultrastructural level. How-

ever, it is unclear whether they signify a component of pathological aging or represent 

an initial phase in the formation of neuritic Aβ plaques (DeTure & Dickson, 2019). 

Plaques primarily composed of dense cores without neuritic components are referred 

to as "burnt-out" plaques (Perl, 2010). Crucially, neuritic plaques (NPs) characterized 

by dense amyloid accumulation and tau-positive neurites are thought to have a direct 

association with neuronal loss and cognitive deterioration in AD (Knowles et al., 1999; 

Malek-Ahmadi et al., 2016).  
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Figure. 2 | Two major senile plaques in AD: diffuse plaques and dense core plaques. A/B. Im-

munohistochemical analysis of AD brain tissues using Aβ peptide-specific antibodies reveals the exist-

ence of both diffuse (A) and dense core (B) senile plaques. These dense core plaques frequently co-

occur with neuritic components, which are identifiable through filamentous tau staining, and are closely 

linked with the progression of AD. C/D. The presence of neuritic AD plaques is also clearly visible with 
the application of Bielchowsky silver stain (C) and Thioflavin S stain (D), techniques that additionally 

mark NFTs, as highlighted by the arrowheads. Scale bars are 40 μm. Modified and cited from (DeTure 

& Dickson, 2019). 

1.3.2 Cerebral amyloid angiopathy 

Amyloid-beta (Aβ) peptides accumulate not just in the form of amyloid plaques within 

the brain parenchyma but also inside cerebral blood vessels. It's estimated that a vast 

majority of AD cases, between 85-95%, exhibit varying levels of cerebral amyloid an-

giopathy (CAA). According to the Mayo Brain Bank, moderate-to-severe CAA is pre-

sent in 13% of confirmed AD cases. These cases can be identified through Aβ im-

munohistochemistry or thioflavin S fluorescent microscopy (Figure 3 A-B) (Charidimou 

et al., 2017). Notably, amyloid deposition in CAA is rich in Aβ40 peptides, distinct from 

parenchymal deposits that predominantly contain Aβ42 species. These deposits im-

pact small arteries, arterioles, and capillaries within the gray matter of cerebral cortices 

and leptomeningeal vessels (Perl, 2010; Serrano-Pozo et al., 2011). 

Two distinct types of CAA have been distinguished. Type 1 CAA has a quadruple 

increased likelihood of association with APOE4 and affects capillaries, arterioles, and 
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small arteries. Type 2 CAA, twice as likely to be linked with APOE2, influences arteri-

oles and small arteries but spares capillaries (Attems et al., 2010; Thal et al., 2002).   

Intriguingly, it’s noteworthy that the parietal and occipital cortices exhibit greater sus-

ceptibility to CAA compared to the frontal and temporal lobes. Additionally, leptomenin-

geal arteries demonstrate higher vulnerability than parenchymal vessels (Serrano-

Pozo et al., 2011). Severe CAA can lead to blood flow impairment, resulting in is-

chemic lesions or small infarcts. In more extreme cases, it can precipitate lobar hem-

orrhages, predominantly impacting the frontal and occipital lobes (Perl, 2010). 

CAA's prevalence in AD, coupled with its association with an earlier onset of the dis-

ease, underscores its significant role in the AD process, contributing independently to 

clinical presentations of AD (Charidimou et al., 2017; Smith, 2018; Vidoni et al., 2016). 

Several methods for scoring the severity of CAA burden have been proposed, with 

imaging methods being established to distinguish CAA from plaque amyloid within the 

brain parenchyma (Charidimou et al., 2017). Notably, immunization therapies focusing 

on Aβ peptides may reduce amyloid accumulation with a potential risk of exacerbating 

amyloid deposition in CAA, sometimes leading to inflammation and hemorrhage 

(Bales et al., 2016; Boche et al., 2010). Animal model studies indicate that capillary 

CAA originates from neuronal Aβ, impairing perivascular clearance and leading to 

peri-capillary Aβ deposits and eventually CAA (Calhoun et al., 1999). The association 

of the APOE4 allele with capillary CAA is attributed to potentially diminished transen-

dothelial clearance of Aβ-apolipoprotein complexes compared to individuals harboring 

APOE2 (Attems et al., 2010). Furthermore, a correlation has been observed between 

the severity of perivascular neuritic tau pathology and perivascular Aβ accumulation, 

suggesting that amyloid deposition may drive dystrophic neurites (Bales et al., 2016). 

 

Figure. 3 | Cerebral amyloid angiopathy in AD. A/B. CAA can be observed in frontal cortical sections 

via Aβ-directed immunohistochemistry (A) or Thioflavin S staining (B) similar to the methods used for 
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detecting senile plaques in AD. Scale bars are 40 μm. Modified and cited from (DeTure & Dickson, 

2019).  

1.3.3 Neurofibrillary tangles 

NFTs represent a critical neuropathological signature of AD, initially characterized by 

Alois Alzheimer in 1907 as intracellular filamentous inclusions predominantly situated 

in the perikaryal area of pyramidal neurons. Further research, incorporating ultrastruc-

tural analyses, has elucidated that the primary structural elements of NFTs are paired 

helical filaments (PHFs), primarily composed of excessively phosphorylated tau pro-

tein (Castellani et al., 2008; Goedert & Spillantini, 2006). Tau, a phosphoprotein abun-

dant within neuronal structures and synthesized by all nucleated cells, ordinarily func-

tions to facilitate the assembly and stabilization of microtubules. However, in the con-

text of AD, tau is subject to abnormal hyperphosphorylation, which not only diminishes 

its microtubule-binding capacity but also promotes the aggregation of PHFs within 

neuronal cell bodies and dystrophic neurites (Alonso et al., 1996; Holtzman et al., 

2011a). Despite ongoing research, the exact role and impact of tau pathology in the 

pathogenesis of AD remain unclear. There is a consensus that tau-related abnormal-

ities manifest subsequent to Aβ deposition in the disease's progression. Nevertheless, 

it is imperative to acknowledge that the extent of neurofibrillary tangle formation ex-

hibits a more robust correlation with the severity of cognitive deficits in AD, as opposed 

to plaque pathology (Holtzman et al., 2011b). 

1.3.4 Inflammation 

Inflammation is another notable pathological feature observed in AD. This inflamma-

tory response in the brain involves activation of microglia, astrocytes, the complement 

system, as well as the release of various cytokines and chemokines (Rubio-Perez & 

Morillas-Ruiz, 2012). Notably, activated astrocytes and microglia are frequently ob-

served adjacent to NPs in AD, indicating that Aβ plays a key role in triggering glial 

activation (Fakhoury, 2018; Itagaki et al., 1989; Krause & Müller, 2010). Once acti-

vated, these glial cells release a range of pro-inflammatory signaling molecules, in-

cluding complement factors, cytokines, and chemokines (Rubio-Perez & Morillas-

Ruiz, 2012; Tuppo & Arias, 2005). 



 

 

 

22 

1.3.5 Neuron loss 

Neuronal loss, alongside plaques and tangles, constitutes a fundamental pathological 

characteristic of AD. This loss predominantly manifests in the pyramidal layers of the 

hippocampus, the layer II of the entorhinal cortex (EC), and specific regions of the 

temporal, parietal, and frontal neocortex (Holtzman et al., 2011b; Serrano-Pozo et al., 

2011). For instance, significant neuron loss in the entorhinal cortex of individuals di-

agnosed with mild AD was demonstrated through stereology (Gómez-Isla et al., 1996). 

While preclinical AD stages show no neuron loss in the cornu ammonis (CA) region, 

marked neuron loss in AD patients has been reported (Schmitz et al., 2004). Early 

investigations suggested a correlation between NFTs and neuronal loss within the cor-

responding region (Cras et al., 1995). Unbiased stereological analysis uncovered neu-

ronal cell loss in the superior temporal sulcus, partially correlating with NFTs formation 

but exceeding it significantly (Gómez-Isla et al., 1997). Recent findings propose that 

intraneuronal or oligomeric Aβ may play a pivotal role in neuronal loss observed in AD. 

(Jawhar et al., 2011; Larson & Lesné, 2012). 

Cortical atrophy in AD, primarily attributed to neuronal loss, is visibly evident macro-

scopically, particularly in the hippocampus, amygdala, and EC, and is measurable by 

MRI (A. T. Du et al., 2004). Diagnosing AD can be achieved with 80 to 90% accuracy 

by assessing hippocampal atrophy using MRI (Jagust et al., 2006). Hippocampal at-

rophy also serves as a predictive marker for the progression from MCI to AD (Mueller 

et al., 2005). The loss of synapses contributes significantly to the cortical atrophy ob-

served in AD, with the extent of loss exceeding neuronal reduction. This indicates that 

synapse loss likely precedes neuronal loss (Serrano-Pozo et al., 2011). Synaptic den-

sity correlates more closely with AD severity and cognitive decline than NFTs or neu-

ron loss (DeKosky & Scheff, 1990; Scheff et al., 1993). 

1.4 The amyloid cascade hypothesis 

1.4.1 Definition 

The amyloid cascade hypothesis, proposed over two decades ago suggests that the 

accumulation and deposition of Aβ are central to the etiology and pathogenesis of AD 

(Hardy & Higgins, 1992). This hypothesis posits that either an elevation in Aβ produc-

tion or a decrease in its clearance leads to the deposition of Aβ40 and Aβ42 peptides, 
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resulting in the formation of insoluble extracellular plaques. These plaques are be-

lieved to initiate a series of detrimental changes, including synapse loss, neuronal 

death, brain atrophy, and dementia (Pimplikar, 2009; Selkoe & Hardy, 2016). Genetic 

studies of FAD, showing mutations in APP, PSEN-1, and PSEN-2 that affect Aβ levels 

and result in increased plaque deposition, provide strong evidence  (Bertram et al., 

2010; Lanoiselée et al., 2017; Pimplikar, 2009). AD mouse models carrying familial 

mutations replicate numerous features of AD pathology, including the presence of Aβ 

plaques, gliosis, and memory deficits (Duyckaerts et al., 2008; Pimplikar, 2009). The 

apolipoprotein E ε4 allele (ApoE4), a significant risk factor for late-onset AD, is linked 

to increase Aβ deposition and diminished its clearance (Bickeböller et al., 1997; Cas-

tellano et al., 2011; C.-C. Liu et al., 2013). Conversely, mutations in the tau protein 

lead to tauopathies such as frontotemporal dementia rather than AD, implying that 

NFTs follow, rather than initiate, AD pathology (Goedert & Jakes, 2005; Hutton et al., 

1998; Samudra et al., 2023). Moreover, recent progress on anti-amyloid therapies 

have provided substantial support to the amyloid cascade hypothesis (Zhang et al., 

2023). These therapies, aimed at reducing Aβ accumulation or promoting its clear-

ance, have shown promising results, further validating the theory that Aβ plays a cen-

tral role in the pathogenesis of AD. However, the amyloid cascade hypothesis has 

notable limitations. The extent of plaque pathology does not consistently correlate with 

dementia severity (Nelson et al., 2009).  Notably, some cognitively normal individuals 

display significant plaque pathology without signs of dementia (Zolochevska & 

Taglialatela, 2016). In numerous AD mouse models, memory impairment and patho-

logical alterations occur before the formation of plaques (S. Lesné et al., 2008; S. E. 

Lesné et al., 2013). 

1.4.2 Amyloid-beta aggregation  

Soluble Aβ monomers, with a molecular weight of around 4 kDa, have a high propen-

sity for polymerization and aggregation. The transition from these monomers to insol-

uble Aβ fibrils, which form plaques, is a complex process. Aβ monomers can aggre-

gate into various oligomeric forms, ranging from dimers to octamers, most commonly 

appearing as lower oligomers. These soluble Aβ oligomers, which are non-fibrillar in 

structure, maintain their stability in water-based solutions, even after undergoing rig-

orous centrifugation (Walsh & Selkoe, 2007). It is believed that Aβ monomers exist in 
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a state of equilibrium with multiple oligomeric configurations. Upon achieving a specific 

concentration level, they start to polymerize into paranuclei. These paranuclei then 

self-associate to form protofibrils, eventually forming the fibrils that are the main com-

ponents of amyloid plaques. Protofibrils could also break down into simpler structures 

(Roychaudhuri et al., 2009). The critical role of the formation and accumulation of neu-

rotoxic Aβ oligomers in the onset and development of AD is widely recognized (Tolar 

et al., 2021). Research indicates that soluble oligomeric Aβ42 is more strongly asso-

ciated with synaptic deterioration and cognitive impairment in AD patients than 

plaques (Haass & Selkoe, 2007; Lue et al., 1999). Aβ’s amphiphilic nature facilitates 

its aggregation into larger oligomers in vitro, and such oligomers have been detected 

in extracts from AD patients' brains as well as in AD mouse models (Pimplikar, 2009; 

Viola & Klein, 2015). 

1.5 Mouse models of Alzheimer’s disease 

In order to advance AD research, a range of transgenic mouse models have been 

developed, which are based on genetic mutations associated with FAD, particularly 

those associated with early-onset cases. Broadly categorized into amyloidopathy 

models that mimic Aβ pathology, tauopathy models focusing on tau protein abnormal-

ities, and combined models that display both pathologies, they provide critical insights 

into the disease mechanisms and have been key in exploring novel therapeutic ap-

proaches (Cavanaugh et al., 2014). 

Diverse mutations in the APP gene, including the Swedish (K670N/M671L), London 

(V717I), Indiana (V717F), and Florida (I716V) mutations, are linked to amyloid patho-

genesis in FAD. These mutations were named after the locations of their discovery 

(Eckman et al., 1997; Goate et al., 1991). From this, researchers have developed sev-

eral transgenic mice that express human APP proteins with such mutations. These 

mice typically exhibit extracellular Aβ deposits, neuroinflammation, impairments in 

cognitive or memory functions, and various behavioral changes across different life 

stages.  

The initial generation of these AD mouse models comprises monogenic mice, each 

carrying either a single mutation or multiple mutations. The AD mouse model PDAPP, 

was developed in 1995, featuring mice expressing APP with the Indiana mutation, 
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displaying significant memory loss and synaptic deficits (Games et al., 1995). Follow-

ing this, the Tg2576 mouse model was developed, which carries the Swedish mutation 

under the hamster prion protein promoter. Tg2576 mice show normal cognition in their 

early life, followed by cognitive deficits as they age, with memory impairments becom-

ing evident between 12 and 18 months. They develop amyloid plaques in the CA1 

region of hippocampus but no neuronal loss or NFTs (Hsiao et al., 1996). Currently, 

the Tg2576 mouse model is recognized as one of the most thoroughly studied and 

extensively utilized mouse models for AD research.  

The next generation of transgenic mouse models for AD research includes those ex-

pressing both APP and PSEN mutations, such as M233T, L235P, M146L, and L286V. 

Notable models like APPSLPS1-M146L, APPSLPS1-ki, and 5XFAD (Tg6799) have 

been developed (Casas et al., 2004; Langui et al., 2004; Oakley et al., 2006). These 

models, characterized by biogenic or polygenic mutations, exhibit early and severe 

amyloid pathology. The 5XFAD mouse begins showing AD-like symptoms around 2 

months old, with widespread plaques in the brain by 6 months and associated synaptic 

and neuronal loss by 4 months, affecting spatial learning abilities.  

Researchers introduced an innovative approach to enable inducible expression of 

transgenic proteins, leading to the creation of the third generation of AD mouse mod-

els. A notable example of this generation is the rTg4510 model, established in 2005 

(Santacruz et al., 2005). It represents a tauopathy model that uses a repressible form 

of the human tau gene carrying the P301L mutation. This inducible setup allows re-

searchers to explore the duration and reversibility of FAD-related phenotypes. In the 

rTg4510 model, cognitive impairments start as early as 3 months, with NFTs appear-

ing by 4 months old, and synaptic loss by 6 months (Santacruz et al., 2005; Spires-

Jones et al., 2007). This AD model is beneficial for studying the dynamic nature of tau 

pathology and how it affects cognitive abilities. 

The fourth generation of AD mouse models, including the APPNL-G-F model, utilizes 

a knock-in approach (Saito et al., 2014). This method offers more precise expression 

patterns and levels of the APP, avoiding the artifacts typically associated with gener-

alized APP overexpression and potential disruptions of unknown genomic loci (Onos 

et al., 2016). The APPNL-G-F mice express APP at wild-type levels, incorporating 

three specific APP mutations: KM670N/M671L (Swedish), I716F (Florida), and E693G 
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(Arctic). These mutations contribute to early amyloid plaque formation and gliosis by 

the age of 3 months, synaptic degradation by 4 months, and cognitive decline associ-

ated with aging by 6 months (Saito et al., 2014). AD mouse models play essential roles 

in the drug discovery process, facilitating the identification and validation of drug tar-

gets, as well as in conducting preclinical studies. This process begins with identifying 

and validating potential drug targets, followed by extensive high-throughput screening, 

optimization of lead compounds and eventually, preclinical and clinical trials. AD 

mouse models are invaluable for advancing our understanding and development of its 

treatments (Hall & Roberson, 2012). 

1.6 Drug development in Alzheimer’s disease 

Developing effective therapies for AD remains a vital focus in medical research, with 

efforts centered on developing medications that can prevent the disease's onset, de-

celerate its progression, or enhance the cognitive and behavioral symptoms linked to 

AD. These treatments are generally categorized into two types: "symptomatic" and 

"disease-modifying." Symptomatic treatments are designed to enhance cognitive func-

tion or manage neuropsychiatric symptoms without necessarily addressing the under-

lying biological causes of AD (Cummings et al., 2023). Their primary aim is to alleviate 

the symptoms and improve the quality of life for patients.  

DMTs target the biological processes of AD with the intent to slow down or alter the 

disease's progression (Cummings & Fox, 2017). DMTs are further subdivided into: 

Biologics: This category includes treatments like monoclonal antibodies, vaccines, an-

tisense oligonucleotides, gene therapy, etc. These are typically large molecules or 

complex biological products. Small Molecules: These are generally orally administered 

drugs with a molecular weight less than 500 Daltons, designed to interact with specific 

biological targets. By 2023, there were 187 clinical trials in various stages, evaluating 

141 distinct treatments for AD (Cummings et al., 2023). Among these, the majority of 

the agents being studied are DMTs, accounting for 78% (111 agents) of all drugs in 

these trials. Symptomatic agents, which include cognitive enhancers and psychotropic 

drugs, make up 21% (30 agents) of the pipeline, with each of these two subcategories 

representing 11% of all agents in the current clinical trials. These statistics underline 

the significant research efforts being directed towards finding effective treatments for 

AD, with a strong focus on disease-modifying strategies. However, it also highlights 
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the complexity and challenges involved in developing treatments that can effectively 

alter the course of this neurodegenerative disease. 

1.6.1 Symptomatic treatments  

Symptomatic treatments for AD primarily focus on alleviating symptoms and tempo-

rarily slowing cognitive decline, enhancing the life quality of both patients and their 

caregivers. These treatments are critical, especially given the challenges in develop-

ing DMTs. For mild to moderate AD dementia, cholinesterase inhibitors such as 

donepezil, galantamine, and rivastigmine are commonly prescribed (Yiannopoulou & 

Papageorgiou, 2020). These drugs work on similar principles, but patients may re-

spond differently to each. They are developed based on the cholinergic hypothesis, 

which posits that the loss of cholinergic innervation within the brain is key to the cog-

nitive decline in AD (Hampel et al., 2018). By increasing acetylcholine availability at 

synapses, these inhibitors have shown clinical efficacy in delaying cognitive deterio-

ration. However, gastrointestinal symptoms and sleep disorders are common side ef-

fects, affecting 5-20% of patients. For moderate to severe AD dementia, memantine, 

which is a non-competitive NMDA receptor antagonist with low-to-moderate affinity, is 

frequently administered (Olivares et al., 2012). Memantine targets the NMDA receptor-

operated calcium channels, helping to mitigate the harmful effects of elevated gluta-

mate levels, which can lead to neuronal dysfunction. The FDA has also approved 

Namzaric®, a combination of donepezil and memantine, which is particularly effective 

for moderate to severe AD dementia (Guo et al., 2020). This combination therapy has 

shown to cause fewer gastrointestinal symptoms, although it may increase the occur-

rence of headaches. Overall, while these symptomatic treatments don't cure AD, they 

play a vital role in managing its symptoms and improving the daily lives of those af-

fected by the disease. 

1.6.2 Disease-modifying therapies 

Recent clinical trials of anti-Aβ passive immunization therapies, like lecanemab and 

donanemab, indicate a potential new era in AD treatment, demonstrating the possibil-

ity of slowing cognitive decline in individuals with MCI and mild dementia due to AD 

(Budd Haeberlein et al., 2022; Sevigny et al., 2016b; van Dyck et al., 2023). While 

these treatments offer some clinical benefits, their modest impact and safety concerns 
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highlight the need for a deeper understanding of neurodegeneration mechanisms to 

improve outcomes. 

The trials reveal that monoclonal antibodies targeting soluble Aβ species, such as 

solanezumab and crenezumab, did not significantly affect amyloid plaque clearance 

or cognitive changes (Doody et al., 2014; Ostrowitzki et al., 2022). However, adu-

canamab showed mixed results, with notable amyloid plaque removal but inconsistent 

cognitive improvements (Budd Haeberlein et al., 2022). Lecanemab and donanemab 

trials demonstrated clinical efficacy, slowing cognitive decline, and reducing amyloid 

plaque burden. Benefits were most consistent 18 months after treatment initiation, cor-

relating with amyloid plaque removal. However, the extent of potential long-term dis-

ease modification and the need for continued treatment to sustain cognitive benefits 

are still unclear, necessitating long-term follow-up studies. 

Safety concerns with these therapies, especially amyloid-related imaging abnormali-

ties (ARIAs), have been noted (Antolini et al., 2021; Honig et al., 2023; Reish et al., 

2023). Instances of intracerebral hemorrhage have been reported post-trial in 

lecanemab-treated patients, with APOE ε4 carriers at higher risk for ARIAs (Honig et 

al., 2023). Amyloid β may also deposit in brain blood vessels, leading to CAA, which 

can be exacerbated by anti-Aβ antibody treatments. A potential future strategy is tar-

geting other amyloid plaque components, like APOE, to remove both CAA and plaque 

pathology without adverse effects, as evidenced in mouse models (Xiong et al., 2021). 

The observed cognitive decline slowing in symptomatic AD patients supports testing 

anti-amyloid therapies in preclinical AD stages. However, trials in this area face chal-

lenges due to the lengthy period required to observe clinical AD progression. Recent 

prevention trials in autosomal dominant AD haven't shown success in slowing cogni-

tive decline, possibly due to few participants experiencing decline during the study   

(Salloway et al., 2021). Ongoing trials are assessing anti-amyloid therapies in cogni-

tively unimpaired individuals with amyloid deposition. The optimal design for preven-

tive treatment trials in asymptomatic individuals, especially considering the risk of 

ARIAs, remains a significant concern (Joseph-Mathurin et al., 2022). The recent ap-

proval of lecanemab and other potential Aβ-monoclonal antibodies will likely fuel fur-

ther research in AD prevention, exploring novel approaches like active Aβ vaccines or 

Aβ-production modulators with safer profiles. 
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1.6.3 Peptide-based inhibitors  

Peptide-based inhibitors for AD have been developed based on four primary strate-

gies: 1) The creation of inhibitors grounded in the molecular recognition principles of 

amyloid self-assembly, 2) The study of cross-amyloid interactions, 3) The exploration 

of interactions with chaperones or other non-amyloidogenic polypeptides, and 4) The 

identification through combinatorial libraries and subsequent refinement using peptide 

chemistry techniques (Armiento et al., 2020). Early in the field of peptide-based inhib-

itors, a small fragment Aβ (16-20) or (KLVFF) was shown to bind to full-length Aβ and 

block its aggregation into amyloid fibrils (Tjernberg et al., 1997). Other classes of in-

hibitors include β-Wrapins, which are engineered binding proteins derived from phage-

display libraries, and peptides modeled after naturally Aβ-binding proteins, like trans-

thyretin (J. Du & Murphy, 2010; Orr et al., 2016). 

IAPP, or amylin, is another peptide involved in AD pathology (Kayed et al., 1999; 

Westermark et al., 2011). Produced by the β-cells in the pancreas, IAPP easily passes 

through the BBB and mediates various brain functions. It shares several features with 

Aβ peptide, including comparable β-sheet secondary structures (Lim et al., 2008) and 

binding to the same receptor (Fu et al., 2012). The cross-amyloid interaction between 

Aβ and IAPP was utilized to design and create the cross-amyloid inhibitors (Figure 4A) 

(O’Nuallain et al., 2004; Yan et al., 2007). Given the remarkable similarities in se-

quence and structure between these two peptides, the N-methylated IAPP analogs, 

effective against IAPP's amyloid formation, were explored if they could similarly impact 

Aβ’s aggregation process (Figure 4A) (Andreetto et al., 2010; Yan et al., 2007, 2013). 

Indeed, these analogs, including IAPP-GI, emerged as potent nanomolar-level inhibi-

tors against the toxic aggregation of Aβ40, making the IAPP-GI as the first cross-am-

yloid peptide inhibitor of Aβ and IAPP (Yan et al., 2007, 2013). This inhibition process 

involved the formation of non-toxic hetero-oligomers between the inhibitor and Aβ40, 

along with the disruption and remodeling of existing fibrils, a mechanism paralleled in 

its inhibitory action on IAPP aggregation (Yan et al., 2006).  

Recent developments in the field of cross-amyloid inhibition have introduced a novel 

class of compounds known as "interaction surface mimics" or ISMs (Andreetto et al., 

2015). These peptides, comprising 21 residues derived from IAPP, are engineered to 

replicate potential interaction sites between IAPP itself and Aβ, facilitating cross-inhi-

bition (Figure 4B). Demonstrating nanomolar efficacy, ISMs selectively target 
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Aβ40(42) and IAPP, with some variants effectively blocking the cross-seeding of IAPP 

via Aβ40 fibrils, suggesting a mechanistic link between AD and Type 2 diabetes (O’Nu-

allain et al., 2004; Oskarsson et al., 2015). ISMs represent promising candidates for 

therapeutic intervention in both conditions (Verdile et al., 2015). Their innovative de-

sign leverages critical "hot segments" of IAPP, known for engaging in both self- and 

cross-amyloid interactions with Aβ40(42), connected via specially designed linkers 

that influence both the potency and specificity of these inhibitors (Figure 4B) (An-

dreetto et al., 2010, 2015). The mechanism of action primarily involves the binding of 

ISMs to early, prefibrillar forms of Aβ40(42) or IAPP, redirecting these molecules into 

non-toxic, amorphous aggregates, thereby mitigating their pathogenic assembly (Fig-

ure 4B). 

In the latest research, ISM R3-GI served as a template for developing a new class of 

macrocyclic peptides, known as macrocyclic inhibitory peptides (MCIPs), aimed at ef-

fectively inhibiting amyloid formation (Figure 4C) (Bakou et al., 2017; Spanopoulou et 

al., 2018). These MCIPs are crafted to replicate the inhibitory interaction surfaces of 

IAPP, incorporating the minimal essential elements derived from IAPP to maintain tar-

get specificity. Through a streamlined design process and employing advanced pep-

tide chemistry techniques, a particular 17-residue peptide, 2b, emerged as a potent 

nanomolar-level inhibitor against the toxic aggregation processes of both Aβ40(42) 

and IAPP, maintaining only four residues from IAPP (Figure 4C) (Spanopoulou et al., 

2018). However, its susceptibility to rapid degradation by serum proteases presented 

a challenge. A strategic alteration in the peptide structure through l-/d-residue ex-

change produced MCIP 2e, or 2E, enhancing its stability and preserving its inhibitory 

efficacy against Aβ40(42) in human serum (Figure 4C). Significantly, 2E demonstrated 

the ability to penetrate the BBB in cellular models, marking it as a highly promising 

candidate for the development of anti-amyloid therapies for AD (Spanopoulou et al., 

2018), with its in vivo inhibitory effects to be confirmed. This progress in peptide-based 

drug development underscores the potential of peptides as dynamic and potent tools 

in combating complex conditions like AD, merging the strengths of biopharmaceuticals 

with the convenience of small molecule therapies, thereby offering promising avenues 

for future therapeutic strategies. 
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Figure. 4 | IAPP-Aβ cross-amyloid nanomolar peptide inhibitors of Aβ aggregation. A. The se-

quence alignment of Aβ40(42) and IAPP, where shared residues are marked in green, identical resi-

dues in blue and underlined, and residues forming β-strands are highlighted with pink bars. The core 

amyloidogenic sequence of IAPP, NFGAIL, pivotal in amyloid formation, is indicated in red within the 

IAPP-GI structure. B. The concept of design, effects of inhibition, and potential inhibitory mechanism of 

ISMs. C. Principle of design, sequences, structures, and functions of the MCIPs. Modified and cited 

from (Armiento et al., 2020). 

1.7 Transcriptome profiling: RNA sequencing 

1.7.1 RNA sequencing  

RNA sequencing (RNA-seq) is a critical genomic method for analyzing messenger 

RNA in biological samples, pivotal for cellular response studies (Haque et al., 2017; 

Z. Wang et al., 2009). Initially, its scope was limited to large samples, restricting single-

cell analysis. The introduction of single-cell RNA sequencing (scRNA-seq) in 2009, 

has expanded its capabilities of RNA-seq (Tang et al., 2009). Advances in both tech-

nology and bioinformatics have made scRNA-seq broadly accessible, fostering signif-

icant breakthroughs across various research and clinical fields (Jaitin et al., 2014; 

Picelli et al., 2014). Furthermore, spatial transcriptomics, emerging in 2016, refines 

RNA-seq by detailing the location of cell types and mRNA within tissue sections  (Ståhl 
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et al., 2016). These continuous improvements in RNA-seq technology, from bulk, sin-

gle-cell to spatial RNA-seq, are crucial in advancing biomedical research, offering new 

possibilities for scientific exploration and discovery (Li & Wang, 2021). 

1.7.2 Single-cell RNA sequencing  

Since its introduction in 2009, scRNA-seq has significantly impacted diverse research 

areas, including cancer biology, stem cell biology, and immunology (Tang et al., 2009). 

It offers a distinct advantage over traditional RNA-seq of bulk tissues by enabling de-

tailed analysis of tissue composition, cellular state diversity, and the detection of rare 

cell types. Advances in sequencing technologies have made scRNA-seq more robust 

and widely accessible for comprehensive transcriptome analysis. Among the scRNA-

seq platforms, Smart-seq2 and 10X Genomics Chromium (10X) are particularly prom-

inent.  

Smart-seq2, a notable advancement in scRNA-seq, significantly enhances the sensi-

tivity and accuracy of gene expression analysis at the individual cell level (Picelli et al., 

2014). This method improves upon earlier techniques by introducing an optimized pro-

tocol for synthesizing cDNA, ensuring a more thorough and representative capture of 

the entire transcriptome, including the crucial 5' and 3' ends of mRNA molecules. The 

use of microtiter plates in Smart-seq2 is a key feature, allowing for the effective isola-

tion and processing of mRNA from single cells, which leads to a more focused and 

efficient analysis. A significant advantage of Smart-seq2 is its wider availability to re-

search labs, as it doesn't demand specialized equipment, making it a practical choice 

for various genomic studies. Its application in diverse areas of biological research has 

been crucial in yielding deeper insights into the complexities of cellular processes, 

thereby advancing our understanding of single-cell biology, including the neurodegen-

eration (Safaiyan et al., 2021). With its capability to provide detailed gene expression 

profiles, Smart-seq2 has become an essential tool in the dynamic field of genomic 

research. 

10X Genomics (10X) single-cell RNA-sequencing (scRNA-seq) is an innovative and 

powerful technology in the field of genomics, offering detailed insights into the com-

plexities of cellular biology (X. Wang et al., 2021). This technology is based on a drop-

let-based microfluidic system that encapsulates individual cells, each with a unique 

barcode, enabling researchers to track and sequence mRNA from each specific cell. 
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This approach allows for the high-throughput analysis of thousands of cells in a single 

experiment, making it an invaluable tool for large-scale genomic studies. The precision 

and sensitivity of the 10X platform are particularly beneficial in uncovering cell-to-cell 

variations within a sample, thus revealing the diversity of cell types and states, includ-

ing rare and previously undetected cell populations (Androvic et al., 2023; Kaya et al., 

2022). The use of unique molecular identifiers (UMIs) further refines the accuracy of 

gene expression measurements by reducing technical noise, ensuring that the ob-

served variability is biologically relevant. The versatility and comprehensive nature of 

10X make it a cornerstone technology in genomic research, driving forward our under-

standing of complex biological systems and disease mechanisms at an unprecedented 

single-cell resolution. 
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2. Aims of the study 
In the realm of neurodegenerative diseases, AD poses a significant challenge due to 

cognitive decline and limited therapeutic options. A key aspect of AD pathology is the 

accumulation of amyloid-beta (Aβ) peptide, driving disease progression. Islet amyloid 

polypeptide (IAPP) has shown promise in inhibiting amyloid self-assembly, prompting 

the development of the macrocyclic 17-residue peptide 2E, designed to mimic IAPP's 

interaction with Aβ. Encouragingly, 2E demonstrated potent inhibitory effects on Aβ 

amyloid self-assembly in vitro, along with stability in human plasma and the ability to 

cross the BBB in cell models.  

It was my aim to investigate the efficacy of the macrocyclic peptide 2E in ameliorating 

amyloid pathology in early and middle symptomatic AD mouse models. My objective 

was to assess the impacts of 2E treatment on cortical amyloid deposition and distribu-

tion, soluble Aβ42 and Aβ40 levels, neuronal damage, glial cell responses and behav-

ioral performance. A novel method for high-resolution RNA sequencing from PFA-fixed 

microscopy sections was established to elucidate the 2E’s impacts on the AD-associ-

ated gene expression changes. Through this systematic investigation of the underlying 

mechanisms of 2E, the goal was to gain a comprehensive understanding of its poten-

tial therapeutic effects in Alzheimer’s disease. 
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3. Materials and Methods 

3.1 Materials 

3.1.1 Reagents 

Table 1.  Key reagents 

Reagents Identifier Supplier 

2E peptide - Kapurniotu Lab (TUM) 

AMPure bead GE45152105050250 Sigma 

Betaine B0300 Sigma 

Bovine serum albumin (BSA) 8076.4 Roth 

Diethylamine (DEA) buffer 34064 Thermo 

Dithiothreitol (DTT) 15508013 Thermo 

DPBS (DPBS-CMF) 14190144 Thermo  

Ethanol, Pure (200 Proof, anhydrous) E7023-500ML Millipore Sigma 

ERCC RNA Spike-In Mix 4456740 Ambion /Thermo 

Fetal bovine serum (FBS) 10270-106 Thermo  

Formic acid (FA) 85178 Thermo 

Gel aqua mount media G0918 Sigma 

Glycerin (glycerol), 50% (v/v) Aqueous 
Solution 3290-32 Ricca Chemical  

Hoechst 34580 Thermo  

Heparin-Natrium-25000 PZN:03029843 Ratiopharm 

IAPP peptide  - Kapurniotu Lab (TUM) 

Isotonic saline (0.9%) 00808765 Die Pharmazentralnum-
mer (PZN) 

KAPA HiFi Hotstart ReadyMix KK2602 07958935001 Roche 

Lambda Exonuclease M0262L New England Biolabs 

msR4M-L1 peptide - Kapurniotu Lab (TUM) 

Low TE buffer  12090-015 Thermo 

Methoxy-X04 4920 TOCRIS 



 

 

 

36 

MgCl2 M1028 Sigma 

Nuclease-free water 10977035 Invitrogen 

Intercept (PBS) blocking buffer 927-70001 LI-COR 

Oligo dT25 magnetic beads 61005 Invitrogen 
Optimal cutting temperature (O.C.T.) 
Compound 4583 Sakura Finetek 

Paraformaldehyde (PFA) J19943.K2 Thermo 

Ponceau S staining solution A40000279 Thermo 

Phosphate-buffered saline (PBS) 10010023 Thermo 

Proteinase K EO0491 Thermo 

Protease inhibitor A32965 Thermo 

Phosphate-potassium dextrose (PKD) 
buffer 1034963 Qiagen 

Qiagen Buffer EB 19086 Qiagen 
Radioimmunoprecipitation (RIPA) 
buffer 89901 Thermo 

Recombinant RNase inhibitor 2313B Takara Clontech 

SMARTScribe reverse transcriptase 639538 Takara Clontech 
Saline-sodium phosphate-EDTA 
(SSPE) buffer Cat#15591-043 Life Technologies 

Sodium chloride (NaCl) J21618.A1 Thermo 

SPRIselect Reagent B23318 Beckman Coulter 

Sucrose 15503022 Thermo 

Sodium-dodecyl sulfate (SDS) 28312 Thermo 

Tris 17926 Thermo 

Tris-EDTA (TE) buffer 93283 Sigma 

Tris-HCl 15506017 Thermo 

Triton-X100 93443 Sigma 

Typan blue stain (0.4%) T10282 Thermo  

Tween-20 (10%) 1610781 Bio-Rad 

X-34 SML1954 Sigma 
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3.1.2 Assay kits 

Table 2. Critical Commercial assays 

Reagents Identifier Supplier 
2100 Bioanalyzer high sensitivity DNA 
kit 5067-4626 Agilent 

Amyloid beta 40 human ELISA kit KHB3481 Thermo 

Amyloid beta 42 human ELISA kit, ul-
trasensitive KHB3544 Thermo 

Novex™ 10 to 20% Tricine mini pro-
tein gels EC6625BOX Thermo 

Pierce™ BCA protein assay kits 23225 Thermo 

ProcartaPlex™ human neurodegener-
ation panel 1, 9plex EPX090-15836-901 Thermo 

Qubit dsDNA HS assay kit Q32854 Thermo 

Simoa® NfL assay 103186 Quanterix 

SuperSignal™ West Dura extended 
duration substrate 34075 Thermo 

 
 

3.1.3 Antibodies 

Table 3. Antibodies 

Antibodies Identifier Supplier 

Anti-GFAP (GA5) mouse mAb 3670S CST 

Anti-CD68 rat mAb MA5-13324 Abcam 

Anti-Y188 rabbit mAb ab32136 Abcam 

Anti-6E10 mouse mAb 803001 BioLegend 

Anti-Ki67 biotin mAb 13-5698-82 Invitrogen 

Anti-SMA-α mouse mAb 14-9760-82 Invitrogen 

Anti-Iba1 rabbit mAb SAB5702256 Wako 

Anti-2E mouse mAb (26A12) / Feederle Lab (DZNE Munich) 

Anti-actin (C4) Mouse mAb G0918 Sigma 
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Goat anti-mouse IgG crossed-absorbed 
secondary antibody, Alexa Fluor 488 A-11001 Invitrogen 

Goat anti-mouse IgG crossed-absorbed 
secondary antibody, Alexa Fluor 555 A-21422 Invitrogen 

Goat anti-mouse IgG crossed-absorbed 
secondary antibody, Alexa Fluor 647 A-21235 Invitrogen 

Goat anti-rabbit IgG crossed-absorbed 
secondary antibody, Alexa Fluor 488 A-11008 Invitrogen 

Goat anti-rabbit IgG crossed-absorbed 
secondary antibody, Alexa Fluor 555 A-21428 Invitrogen 

Goat anti-rabbit IgG crossed-absorbed 
secondary antibody, Alexa Fluor 647 A-21244 Invitrogen 

Donkey anti-rat IgG crossed-absorbed 
Secondary antibody, Alexa Fluor 555 A48270 Invitrogen 

Streptavidin, Alexa Fluor™ 555 conju-
gate S21381 Invitrogen 

Streptavidin, Alexa Fluor™ 488 conju-
gate S11223 Invitrogen 

Goat anti-mouse IgG2b secondary anti-
body, HRP M32407 Invitrogen 

Goat anti-rabbit IgG secondary antibody, 
HRP 7074S CST 

Goat anti-mouse IgG secondary anti-
body, HRP 31430 Invitrogen 

 
 

3.1.4 Materials 

Table 4. Materials  

Materials Identifier Manufacturer 

Low-Profile 96-well PCR plates HSP9601 Bio-Rad 

Qubit assay tubes Q32856 Invitrogen 

PCR Tubes 0.2 ml 8-tube strips 951010022 Eppendorf 

DNA LoBind Tubes, 1.5 ml 022431021 Eppendorf 

Tips LTS 200UL filter RT-L200FLR 30389240 Rainin 

Tips LTS 1ML filter RT-L1000FLR 30389213 Rainin 

Tips LTS 20UL filter RT-L10FLR 30389226 Rainin 

Microseal 'F' Foil MSF1001 Bio-Rad 

Microseal 'B' Film MSB1001 Bio-Rad 
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3.1.5 Equipment 

Table 5. Equipment 

Equipment Identifier Manufacturer 

Confocal microscope LSM 880 Carl Zeiss 

Cell counter TC20 Bio-Rad 

DynaMag™-2 magnet 12321D Thermo 

DynaMag™-96 Side skirted agnet 12027 Invitrogen 

EnSpire multimode plate reader 23001395 Perkin Elmer LAS 

Leica dissection microscope Leica M125C Leica Microsystems  

Leica DMi8 fluorescent microscope S/N 425074 Leica Microsystems 
NanoDrop one microvolume UV- Vis 
spectrophotometer AZY1602185 Thermo  

MACS MultiStand 130-042-303 Miltenyi Biotec 

Odyssey Fc imaging system OFC-0976 LI-COR Biosciences 

C1000 Touch thermal cycler 1851196 BIO-RAD 

96-Deep well reaction module 1840197 BIO-RAD 

S1000 thermal cycler 1852196 BIO-RAD 

Qubit 4.0 Flourometer Q33226 Thermo 

2100 Bioanalyzer Laptop Bundle G2943CA Agilent 

Vortex Genie 2 Mixer 5429121 Omnilab 

LightCycler® 480 Instrument II 05015243001 Roche 

Mantis Liquid Dispenser - FORMULATRIX 

Pipet-Lite LTS Pipette L-2XLS+ 17014393 Rainin 

Pipet-Lite LTS Pipette L-10XLS+ 17014388 Rainin 

Pipet-Lite LTS Pipette L-20XLS+ 17014392 Rainin 

Pipet-Lite LTS Pipette L-200XLS+ 17014391 Rainin 

Pipet-Lite LTS Pipette L-1000XLS+ 17014382 Rainin 

Pipet-Lite Multi Pipette L8-10XLS+ 17013802 Rainin 

Pipet-Lite Multi Pipette L8-200XLS+ 17013805 Rainin 
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Pipet-Lite Multi Pipette L8-50XLS+ 17013804 Rainin 

 

3.2 Animals 

3.2.1 General considerations and housing  

The animal experiments conducted for this study were reviewed and agreed by the 

institutional animal use and care committee in Center for Stroke and Dementia Re-

search (CSD) at Ludwig Maximilian University of Munich (LMU). In our study, mice 

were grouped and housed in threes in Greenline IVC GM500 plastic cages. The hous-

ing environment was carefully regulated, maintaining a stable temperature of 21 ± 2°C 

and adhering to a consistent 12-hour light/dark cycle, ensuring optimal living condi-

tions for the mice. Additionally, food and water were provided ad libitum to the mice. 

Adhering to rigorous ethical standards, all procedures involving animals were con-

ducted in strict compliance with the established guidelines of both the Society for La-

boratory Animals Science (GV-SOLAS) and the Federation of European Laboratory 

Animal Science Association (FELASA). These guidelines are critical in ensuring the 

humane and ethical treatment of laboratory animals. Our research team made every 

effort to minimize animal suffering and to decrease the number of animals utilized, 

aligning with the principles of ethical animal research. The study included both genders 

of in all tests, except in specific instances where differentiation between genders was 

necessary for the validity of the experimental outcomes. 

3.2.2 5XFAD transgenic mice 

In this research, we utilized 5XFAD mice with a B6/SJL genetic background (34840-

JAX, Tg6799), characterized by the expression of human APP and PSEN1 transgenes 

containing five mutations linked to AD (Oakley et al., 2006). These include the Swedish 

(K670N/M671L), Florida (I716V), and London (V717I) mutations in the APP gene, 

along with the M146L and L286V mutations in PSEN1 gene. We employed a breeding 

strategy where heterozygous male 5XFAD mice were mated with female B6/SJL mice. 

This approach ensured the transmission of the same transgene from the heterozygous 

fathers to their offspring. In the context of this study, both female and male 5XFAD 

mice, with their WT littermates used as specified indicated in the results section. 
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3.2.3 APPNL-G-F knock-in mice 

In addition to the 5XFAD mice who overexpress APP, we also introduced another AD 

mouse model in this project, the APPNL-G-F knock-in mice, which are on a C57BL/6J 

background (Saito et al., 2014). The APPNL-G-F model was specifically designed to 

mitigate potential artifacts that could arise from the overexpression of APP, commonly 

seen in other AD models. In this model, while APP itself is not overexpressed, the 

concentrations of pathogenic Aβ are increased owing to the synergistic effects of three 

mutations linked to FAD, which allows for a more accurate representation of the dis-

ease’s pathogenic mechanisms. The APPNL-G-F knock-in model is characterized by 

three FAD-associated mutations: the Swedish “NL”, the Iberian “F”, and the Arctic “G” 

mutations. In our experiments, both female and male APPNL-G-F knock-in mice were 

employed, with specific details of their use outlined in the results section.  

3.2.4 Peptide preparation and administration 

In our study, several in vivo experiments were conducted to evaluate the effects of the 

2E peptide in AD models. 2E peptide were produced and provided by Prof. Dr. Aph-

rodite Kapurniotu, Dr. Beatrice Dalla Volta and with the help of other lab members 

from the Division of Peptide Biochemistry at Technical University of Munich (TUM).  

Experiment A - Chronic treatment of 5XFAD mice (cohort 1): All female 5XFAD mice 

were allocated into two experimental groups (treatment and control) utilizing block ran-

domization. The treatment group (n=8) received i.p. injections of 2E peptide solution 

every other day, starting at 3 months of age, at a dosage of 5 mg/kg for the first 6 

weeks, followed by 2.5 mg/kg until 6 months. The saline group (n=9) and WT litterma-

tes (n=10) received equivalent volumes of saline. All mice were sacrificed at 6 months 

of age. Experiment B - Chronic treatment of 5XFAD mice (cohort 2): Conducted by the 

independent researchers who were blinded to the treatments, this experiment followed 

a similar protocol. Three female 5XFAD mice were given 5 mg/kg of 2E peptide via i.p. 

injection every other day from 3 to 6 months of age. The vehicle group (n=4) received 

saline. All mice were sacrificed at 6 months. Experiment C - Chronic treatment of 

5XFAD mice (cohort 3): Conducted by the independent researchers who were blinded 

to the treatments, this experiment followed a similar protocol. 11 female and male 
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5XFAD mice were given 100 µg of 2E peptide via i.p. injection every other day from 2 

to 4 months of age. The vehicle group (n=11) received saline. All mice were sacrificed 

at 6 months. Experiment D - Acute treatment in APPNL-G-F mice: In this acute exper-

iment, symptomatic 10-month-old male and female APPNL-G-F mice (n=8) were in-

tracerebrally injected with 2 µL of 2E peptide (1 µg/uL). The vehicle group mice (n=10) 

received an equal volume of saline. All mice were sacrificed 4 days post-injection. 

Experiment E - 2E detection experiment: To detect 2E peptide in the brains, 6 months 

old female WT mice were treated with varying doses of 2E peptide (0, 100, 200, and 

500 µg) via i.p. injection. All mice were sacrificed 4 hours post-injection. 

3.2.5 Mouse plasma and cerebral spinal liquid collection 

Before perfusion, the blood and cerebrospinal fluid (CSF) were collected from the 

mice, which were under a terminal dose of anesthesia. The whole blood was collected 

into anticoagulant-treated tubes, such as those treated with Ethylenediaminetet-

raacetic acid (EDTA). To separate plasma, the blood samples were centrifuged at ap-

proximately 2000 g for 15 mins at room temperature using a refrigerated centrifuge. 

This process removed cells and platelets, and the resulting supernatant (plasma) was 

then stored at -80°C for subsequent analysis. The extraction of CSF was performed 

following a well-established protocol (Kaur et al., 2023), conducted prior to both per-

fusion and blood collection. From each mouse, approximately 10 μL of CSF was care-

fully extracted and then transferred into a 0.5 ml protein low-binding tube. Like the 

plasma, the CSF samples were also preserved at -80°C until needed for further ex-

periments.  

3.2.6 Preparation of mouse brain for biochemistry 

Following blood collection, mice underwent transcardial perfusion with ice-cold phosphate-

buffered saline (PBS) for 10 minutes at a flow rate of 10 ml/min, or they were first perfused 

with PBS followed by a 10-minute perfusion with 4% paraformaldehyde (PFA). For each co-

hort of mice, the same perfusion strategy was taken. For biochemical analysis: brains 

from mice (either PBS-perfused or not perfused) were removed and immediately frozen in 

liquid nitrogen, then preserved at -80°C for future analysis. 
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3.2.7 Preparation of mouse brain for immunohistology 

For histological analysis: brains from mice (perfused with PBS or PBS-PFA) were harvested 

and submerged in a 4% PFA solution for post-fixation for 24 h at 4°C, followed by immersion 

in a 30% sucrose solution at 4°C for approximately 24-36 h. The brains were then encapsu-

lated in optimal cutting temperature compound (O.C.T.), rapidly frozen with dry ice, and pre-

served at -80°C until they were sectioned. Consecutive coronal brain slices of 14 μm were 

produced using a cryostat (CryoSTAR NX70, Thermo Scientific) and kept at -80°C for subse-

quent analysis. 

3.3 Behavioral tests 

All behavioral experiments were done and analyzed by experimenters who were blind 

to the treatments and the genotypes of the mice. 

3.3.1 Open field test 

The open field test, a broadly acknowledged method for assessing locomotion, explor-

atory behavior, and anxiety levels in rodents (Seibenhener & Wooten, 2015), was uti-

lized in our study. The mice underwent this test at either 4 or 6 months old. For the 

experiment, each mouse was placed inside a brightly illuminated, transparent Plexi-

glas enclosure, located within a secluded cabinet to maintain a regulated environment. 

The procedure began with a 1-minute habituation period to allow the mice to acclimate 

to the new surroundings. Following this, their exploratory behavior in the open field 

was recorded for 10 minutes using video monitoring, specifically with EthoVision®XT 

software from Noldus Information Technology, Netherlands. This setup allowed for 

precise and detailed tracking of the mice’s movements and behaviors, providing valu-

able insights into their locomotor capabilities and anxiety-related responses in an open 

and novel environment. 

3.3.2 Barnes maze  

The Barnes maze is a behavioral test used to evaluate spatial learning and memory 

in rodents (Pitts, 2018). For the spatial memory test, spatial markers were positioned 

around the maze, remaining unchanged throughout the study. Mice were consecu-

tively subjected to Barnes maze at 5 months and 6 months of age. This maze features 

a round table equipped with circular openings along its circumference. The objective 
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is for the animal to locate the box placed under one of the openings, guided by visual 

signals. During the trials, the table's surface is intensely illuminated, acting as an un-

pleasant stimulus that encourages the mouse to find the target box. The location of 

the goal box remained unchanged throughout all testing sessions. The mouse mem-

orizes the position of the box, and the amount of time it takes for the mouse to locate 

the correct hole within the 180s is automatically assessed through video tracking 

(EthoVision®XT, Noldus Information Technology, Netherlands). To assess spatial 

memory, a spatial probe test was conducted 24 hours following the final training ses-

sion. During the probe test, each mouse performed the tests three times, and was 

allowed to search for the goal box on the platform for 180 s. Each test was stopped 

once the mouse found the goal box or failed to find it within 180 s. 

3.3.3 Elevated plus maze 

The elevated plus maze is a commonly recognized behavioral assay employed to 

evaluate anxiety-related behaviors in mice, which can influence their performance in 

other tests (Kraeuter et al., 2019). Mice was tested on the elevated plus maze either 

at 4 or 6 months of age. The apparatus consists of two enclosed arms with walls and 

two open arms without walls, elevated above the floor. Entries into both the arms, as 

well as the percentage of time spent in the arms, were quantified through video mon-

itoring with EthoVision®XT software. Each mouse was initially placed in the left closed 

arm and given 1 minute to acclimate. Subsequently, their exploratory behavior was 

recorded over a 5-minute session, providing insights into their anxiety levels based on 

their arm preference and locomotion. 

 

3.4 Biochemical and molecular studies 

3.4.1 DNA extraction from mouse tails  

Before being used in the experiments, all mice underwent genotyping to confirm their 

genetic profiles. Deoxyribonucleic Acid (DNA) was isolated from biopsies of mouse 

tails as a part of the genotyping process. A 0.5 mm section of the tail is placed into a 

microfuge tube with 0.5 ml of digestion buffer containing 0.5 mg/ml proteinase K. The 

DNA digestion buffer is composed of 50 mM Tris-HCl at pH 8.0, 100 mM EDTA, 100 
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mM NaCl, and 1% SDS, ensuring optimal conditions for DNA release. After an over-

night incubation at 50-55°C with gentle shaking, the sample is centrifuged post-phe-

nol/chloroform extraction. The 0.5ml supernatant is then transferred to a new tube, 

and DNA is precipitated with ethanol, washed, and centrifuged. The dried DNA pellet 

is then resuspended in Tris-EDTA (TE) buffer and warmed to 65°C to ensure complete 

dissolution. The final preparation, yielding about 20-50 µg of DNA, is suitable for anal-

yses such as restriction enzyme digestion. 

3.4.2 Nucleic acid quantitation  

The purity and concentration of DNA and RNA samples were measured using a Spec-

trophotometer (NanoDrop). Prior to sample measurement, the NanoDrop was cali-

brated with 2 µL of nuclease-free water, establishing a baseline for analysis. Concen-

trations were determined by the instrument based on absorbance at 260 nm. Addition-

ally, for DNA samples, the NanoDrop provided a purity ratio (A260/A280), while for 

RNA samples, both A260/A280 and A260/A230 ratios were obtained. Generally, a 

DNA sample is considered pure with a ratio of approximately 1.8, and for RNA, a ratio 

of around 2.0 is indicative of purity. 

3.4.3 Protein extraction from mouse brains  

Protein was isolated from isolated from fresh-frozen brains and PFA-fixed OCT-em-

bedded frozen brain sections according to previous, well-established methods with 

some modifications.  

For fresh-frozen brains, we took an established protocol which includes a buffer-de-

pendent extraction of protein according to protein solubility in each buffer: diethylamine 

(DEA) extraction for soluble proteins, followed by radioimmunoprecipitation (RIPA) as-

say extraction for membrane, nuclei, mitochondrial and cytosolic proteins. Brain hem-

ispheres from -80 °C were taken and put on dry ice to keep them frozen. 1 ml of DEA 

buffer + protease inhibitor (PI) mix was added into Precellys tubes and placed on ice. 

Each tube was then transferred one frozen hemisphere, and the cap was securely 

closed. The brain tissues were homogenized using the Precellys machine at 6500 rpm 

for 30 seconds at 8 °C. Subsequently, the homogenized mixture was centrifuged at 4 

°C for 10 minutes at 4000 g to pellet membranes, nuclei, and mitochondria. The su-

pernatant (same amount from each sample) was carefully transferred from Precellys 
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tubes into ultra-centrifuge 1.5 mL tubes without disturbing the pellet. The supernatant 

was ultracentrifuged at 4 °C for 30 minutes at 100 000 g. The DEA fraction from the 

ultracentrifuge tubes was collected without disturbing the pellet, followed by the addi-

tion of 10% ice-cold 0.5M Tris (pH=6.8) to adjust the pH. After thorough mixing, the 

DEA extraction was stored at -80°C for further use. The pellet from was resuspended 

with 1 mL ice-cold RIPA buffer by brief shaking and homogenizing with the Precellys 

machine at 5000 rpm for 12 seconds at 8 °C. The mixture was then centrifuged at 4 

°C for 10 minutes at 4000 g to remove insoluble material. The supernatant from the 

RIPA fraction and the pellet from the ultracentrifuge were collected in 0.1 mL ice-cold 

RIPA buffer and subjected to ultracentrifugation at 4 °C for 60 minutes at 100 000 g. 

The supernatant was collected as the RIPA extraction and stored at -80°C for further 

use.  

For PFA-fixed brain sections: the frozen brain sections (14 μm) were rinsed with PBS, 

then incubated at RT for 10 min. Target brain sections were scratched and collected 

the brain lysates (in PBS) into 1.5 ml tubes by pipetting with 200 µl tips. The samples 

were centrifuged for 3 min at 14000 g at 4°C, then the pellet was resuspended with 

200 µL lysis buffer. Samples were incubated at 4°C for 5 min and boiled at 100°C for 

20 min, followed by a 2 h incubation at 80°C. The supernatant after centrifugation at 

4°C for 20 min at 14000 g was collected and stored at -80°C.  

3.4.4 Protein quantification  

The Bicinchoninic acid (BCA) assay is a colorimetric technique for quantifying total 

protein that relies on copper. It depends on the creation of a Cu2+-protein complex 

under alkaline conditions, followed by the reduction of Cu2+ to Cu+. Experiment was 

performed according to the manufactory instructions using a Pierce™ BCA Protein 

Assay Kit and Multimode plate reader.  

3.4.5 Immunofluorescence staining and imaging 

Before the staining procedure, non-fixed mouse brains sections (fresh-frozen) were 

taken out of the -80°C and were fixed with 4% PFA at 4°C for 15 min. Then the brain 

sections were rinsed 3 times with 1xPBS at RT. Then all brain sections (both non-fixed 

and fixed) can be rinsed with the double-distilled water (ddH2O) followed by 10 min 

incubation in PBS with 0.1% tween (PBST) at room temperature. After two rinses in 
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PBS, slides were preincubated in blocking solution (3% (vol/vol) bovine serum albumin 

(BSA) and 0.4% (vol/vol) Triton-X100 in PBS for 45 min at room temperature. The 

slides were then incubated overnight at 4°C in blocking solution with the following pri-

mary antibodies: mouse anti-GFAP (1:500), rabbit anti-Iba1 (1:500), rat anti-CD68 

(1:500), rabbit anti-Y188 (1:500), mouse anti-6E10 (1:500), Biotin anti-Ki67 (1:1000), 

mouse anti-SMA-α (1:500). After primary antibody incubation overnight at 4°C, brain 

sections were washed three times with 1xPBS and incubated with appropriate fluoro-

phore-conjugated secondary antibodies together with fluorescent amyloid β (Aβ) dye 

Methoxy-X04 (10μM) or nuclei dye Hoechst (1:1000) for one hour at room temperature 

(RT). Brain sections were subsequently washed two times with 1xPBS and ddH2O, 

then affixed to glass slides (Thermo Scientific), allowed to dry in darkness for at least 

30 minutes, and mounted with Gel Aqua Mount media (Sigma Aldrich) and analyzed 

by Dmi8 fluorescent microscopy (Leica) and confocal microscopy (LSM880 AiryScan, 

Zeiss). For X-34 staining, the brain slide was permeabilized with 0.25% Triton X-100 

for 30 minutes and stained with X-34 dye (100µM) dissolved in a solution of 40% eth-

anol in PBS, for around 20 minutes. Brain slide was then rinsed with distilled water 

and mounted. All imaging and quantifications were done by experimenters who were 

blind to the treatments and the genotypes of the mice. 

3.4.6 Western blot and slot blot  

Samples were prepared and separated with Novex™ 10 to 20% Tricine mini protein 

gels and transferred onto nitrocellulose membranes. For Aβ detection, boil the mem-

brane for 5 min with a microwave before blocking. Block the membranes with 10-15ml 

Intercept Blocking Buffer (LI-COR) for 60 min at RT on a shaker. Prepare the primary 

antibodies in 5% BSA in TBST. Incubate the membranes with primary antibodies over-

night at 4°C. Primary antibodies were used as follows: mouse anti-2E (26A12), mouse 

anti-GFAP, mouse anti-actin (C4). Wash the membranes 3x10 min at RT in TBST, 

then incubate with secondary antibodies at RT for one hour. Secondary antibodies 

were used as follows: anti-mouse IgG 2b, anti-rabbit IgG, anti-mouse IgG horseradish 

peroxidase (HRP) - conjugated Abs. Then the membranes were washed 3x15 min at 

RT in TBST.  

The dot blot method is a technique used for the detection, analysis, and identification 

of proteins. It shares similarities with the western blot technique; however, it differs in 
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that the protein samples are not separated via electrophoresis. Instead, they are di-

rectly spotted onto the membrane or paper substrate through circular templates. Re-

suspend 2E or IAPP peptide powder with ddH2O, and put on ice for the later usage. 

Transfer peptide solution onto nitrocellulose membranes with Minifold I 96-well system 

via a vacuum pump. Rinse the blot transfer membrane with water three times. The 

membrane was stained with Ponceau S stain for 2 mins, and then scanned the mem-

brane after 3 rounds of washing. Wash the membrane on a shaker with 1X TBST 

buffer for 3 times, 10 mins for each wash. Block the membrane on a shaker with the 

blocking buffer (1% BSA in PBS) at RT for 60 mins. Then remove the blocking buffer, 

and incubate the membrane with primary antibody at 4°C overnight. Wash the mem-

brane on a shaker with 1X TBST buffer for 3 times, 10 mins for each wash at RT. 

Incubate with secondary antibody at RT for 60 mins, then wash with TBST buffer for 

3 times, 10 mins for each wash at RT. Target proteins/peptides were then identified 

with the enhanced chemiluminescence method using Luminol enhancer and peroxide 

solutions. Visualization of these protein bands was achieved with an Odyssey Fc im-

ager from LI-COR. 

3.4.7 Screening and validation of anti-2E antibody 

Mouse anti-2E antibodies were designed by Prof. Aphrodite Kapurniotu (TUM), Prof. 

Jürgen Bernhagen (LMU), and Dr. Regina Feederle (Helmholtz Center Munich). Anti-

bodies were then produced and provided by Dr. Feederle at Helmholtz Center Munich. 

In brief, IBalb/c mice received subcutaneous and intraperitoneal immunizations with a 

concoction of 50 µg of ovalbumin-linked 2E in 200 µl PBS, 5 nmol CpG2006 , and 200 

µl of Incomplete Freund's adjuvant (Sigma-Aldrich). 11 weeks post-immunization, a 

booster shot, excluding Freund's Adjuvant, was administered both intraperitoneally 

and subcutaneously 3 days before the fusion process. This involved merging the 

P3X63-Ag8.653 myeloma cell line with immunized mouse spleen cells using polyeth-

ylene glycol 1500 (Köhler & Milstein, 1975). The fused cells were then cultured in 96-

well plates in RPMI 1640 medium supplemented with 20% fetal calf serum, glutamine, 

pyruvate, non-essential amino acids, and HAT media supplement.  

After 10 days, screening of the hybridoma supernatants was conducted via a flow cy-

tometry assay (iQue, Intellicyt; Sartorius) against biotinylated 2E affixed to streptavidin 
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beads, treated for 90 minutes with hybridoma supernatant and Atto-488-labeled iso-

type-specific monoclonal rat-anti-mouse IgG secondary antibodies. Antibody adher-

ence was scrutinized using ForeCyt software (Sartorius). Subsequent validations for 

promising supernatants were carried out through dot blot and Western blot techniques. 

Selected hybridoma clones are in the process of sub-cloning via limiting dilution to 

secure stable monoclonal cell lines. This investigation utilized primary oligoclone anti-

2E 26A12 (mouse IgG2b/ƙ) hybridoma supernatant. 

3.4.8 Simoa NF-light assay  

Neurofilament light (NfL), a 68 kDa protein found in the cytoskeleton of neurons, plays 

a key role in the structural integrity of neurons. NfL works in conjunction with the 125 

kDa Neurofilament medium (NfM) and the 200 kDa Neurofilament heavy (NfH) pro-

teins to construct neurofilaments, crucial elements of the neuronal cytoskeleton. These 

proteins are primarily responsible for providing structural support to axons and regu-

lating their diameter. Significant release of neurofilaments can occur as a result of 

axonal damage or during the process of neuronal degeneration. NfL, in particular, has 

been linked with various neurological conditions, including traumatic brain injury, mul-

tiple sclerosis, frontotemporal dementia, and other neurodegenerative diseases. The 

measurement of NfL in serum is conducted through the SR-X immunoassay analyzer 

by Simoa (Quanterix Corp, Boston, MA). This method utilizes an ultrasensitive para-

magnetic bead-based enzyme-linked immunosorbent assay (ELISA), which has been 

extensively documented in prior research (Preische et al., 2019). In total, 16 qualified 

serum samples were included for the Simoa assays, which received full support from 

Brigitte Nuscher at the German Center for Neurodegenerative Diseases (DZNE) Mu-

nich.  

3.4.9 Enzyme-linked immunosorbent assay 

The Amyloid beta 40 and 42 ELISA kits are the specific and sensitive biochemical 

assay used primarily for the quantification of amyloid beta peptides (Aβ1-40 and Aβ1-

42) in blood. Experiment was performed according to the manufactory instructions us-

ing Amyloid beta 40/42 Human ELISA Kit and Multimode plate reader.  
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3.4.10 Luminex neurodegeneration array  

The ProcartaPlex 9-Plex Neurodegeneration Panel 1 (Human) (Invitrogen, EPX090-

15836-901) is a sophisticated tool designed for neurological research, particularly in 

the context of neurodegenerative diseases like amyotrophic lateral sclerosis (ALS), 

AD, and Parkinson's disease (PD). This panel utilizes Luminex xMAP technology to 

simultaneously analyze nine different protein targets in a single well, providing a com-

prehensive and efficient approach for studying the complex protein interactions and 

pathways involved in these conditions. The experiment was performed according to 

the manufactorer’s instructions using ProcartaPlex 9-Plex Neurodegeneration Panel 1 

(Human), with support from Dr. Omar EI Bounkari at the Institute for Stroke and De-

mentia Research (ISD) University Hospital, LMU Munich.  

3.5 RNA sequencing of mouse brains 

For the RNA-seq analysis of mouse brains, our study initiated with a bulk RNA-seq 

experiment on PFA-fixed, OCT-embedded frozen mouse brain sections from cohort 1. 

This was conducted using a modified Smart-seq2 method, which was established as 

a new method (Ji et al., 2023). The list of samples subjected to RNA-seq is detailed in 

Table 6 for reference.  

Table 1: Sample and grouping list for RNA-seq. 

Sample ID Animal Region Treatment 
P8C10 2E_08 Brain_stem 2E 
P8D4 2E_01 Brain_stem 2E 
P8D5 2E_03 Brain_stem 2E 
P8H4 2E_02 Brain_stem 2E 
P8H5 2E_04 Brain_stem 2E 
P8H7 2E_05 Brain_stem 2E 
P8H8 2E_06 Brain_stem 2E 
P8H9 2E_07 Brain_stem 2E 
P8B10 2E_08 Cortex 2E 
P8B4 2E_01 Cortex 2E 
P8B5 2E_03 Cortex 2E 
P8F4 2E_02 Cortex 2E 
P8F5 2E_04 Cortex 2E 
P8F7 2E_05 Cortex 2E 
P8F8 2E_06 Cortex 2E 
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P8F9 2E_07 Cortex 2E 
P8C4 2E_01 Hippocampus 2E 
P8C5 2E_03 Hippocampus 2E 
P8D10 2E_08 Hippocampus 2E 
P8G4 2E_02 Hippocampus 2E 
P8G5 2E_04 Hippocampus 2E 
P8G7 2E_05 Hippocampus 2E 
P8G8 2E_06 Hippocampus 2E 
P8G9 2E_07 Hippocampus 2E 
P8A10 2E_08 Hippocampus_Cortex 2E 
P8A5 2E_03 Hippocampus_Cortex 2E 
P8E4 2E_02 Hippocampus_Cortex 2E 
P8E5 2E_04 Hippocampus_Cortex 2E 
P8E7 2E_05 Hippocampus_Cortex 2E 
P8E8 2E_06 Hippocampus_Cortex 2E 
P8E9 2E_07 Hippocampus_Cortex 2E 
P8D1 AD_01 Brain_stem AD 
P8D2 AD_02 Brain_stem AD 
P8D3 AD_04 Brain_stem AD 
P8D6 AD_06 Brain_stem AD 
P8H2 AD_03 Brain_stem AD 
P8H3 AD_05 Brain_stem AD 
P8B1 AD_01 Cortex AD 
P8B2 AD_02 Cortex AD 
P8B3 AD_04 Cortex AD 
P8B6 AD_06 Cortex AD 
P8F2 AD_03 Cortex AD 
P8F3 AD_05 Cortex AD 
P8C1 AD_01 Hippocampus AD 
P8C2 AD_02 Hippocampus AD 
P8C3 AD_04 Hippocampus AD 
P8C6 AD_06 Hippocampus AD 
P8G2 AD_03 Hippocampus AD 
P8G3 AD_05 Hippocampus AD 
P8A2 AD_02 Hippocampus_Cortex AD 
P8A3 AD_04 Hippocampus_Cortex AD 
P8A6 AD_06 Hippocampus_Cortex AD 
P8E2 AD_03 Hippocampus_Cortex AD 
P8E3 AD_05 Hippocampus_Cortex AD 
P8D7 WT_03 Brain_stem WT 
P8D8 WT_04 Brain_stem WT 
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P8D9 WT_05 Brain_stem WT 
P8F6 WT_02 Brain_stem WT 
P8B7 WT_03 Cortex WT 
P8B8 WT_04 Cortex WT 
P8B9 WT_05 Cortex WT 
P8F1 WT_01 Cortex WT 
P8H6 WT_02 Cortex WT 
P8C9 WT_05 Hippocampus WT 
P8E6 WT_02 Hippocampus WT 
P8G1 WT_01 Hippocampus WT 
P8A7 WT_03 Hippocampus_Cortex WT 
P8A8 WT_04 Hippocampus_Cortex WT 
P8A9 WT_05 Hippocampus_Cortex WT 
P8E1 WT_01 Hippocampus_Cortex WT 
P8G6 WT_02 Hippocampus_Cortex WT 

3.5.1 RNA extraction from mouse brains   

RNA was extracted from PFA-fixed, OCT-embedded frozen mouse brain sections us-

ing a previously established method that enzymatically digests proteins to release 

crosslinked RNA (Ji et al., 2023). Briefly, 14 μm brain sections were taken from -80°C 

storage and allowed to equilibrate at room temperature for 5 minutes, ensuring they 

remained hydrated. RNA isolation buffer, comprising 40 µl of phosphate -potassium 

dextrose (PKD) buffer and 10 µL of proteinase K solution, was pre-prepared and 

chilled. This buffer (50 µL) was then applied to the brain sections, which were incu-

bated at room temperature for 30 seconds. The sections were subsequently scraped, 

and the lysate was collected using pipette tips, immediately frozen in liquid nitrogen, 

and stored at -80°C.  

For RNA purification, the samples were thawed for 3 minutes at room temperature, 

then vortexed, spun down, and incubated at 56°C for 4 hours in a thermal cycler with 

a 66°C lid temperature, with periodic checks for sample dissolution. Post-incubation, 

the samples were vortexed, spun down, and transferred to chilled 1.5 mL tubes. Oligo 

dT25 magnetic beads (Invitrogen) were prepared by performing three washes with 1x 

hybridization buffer (HB), consisting of 2x saline-sodium phosphate-EDTA (SSPE) 

buffer, 0.05% Tween-20, and 0.05% RNase Inhibitor. The beads were then resus-

pended to half of the initial volume with 2x HB for subsequent use. For each sample, 

10 µL of the pre-washed dT25 beads (0.1 mg) were added, and the mixture was 



 

 

 

53 

heated at 56°C for one minute to reverse crosslinking. Following a 10-minute room 

temperature incubation for mRNA hybridization, the beads were washed twice with 

100 µL of ice-cold 1x HB and once with ice-cold 1x PBS containing 0.1% RNase In-

hibitor. After removing the PBS, the beads were resuspended in 15 µL of RNase-free 

water. To elute the mRNA, the bead-sample mixture was incubated at 80°C for two 

minutes and then quickly placed on a room temperature magnet to pellet the beads. 

The supernatant, rich in mRNA, was immediately transferred to a new tube and stored 

at -80°C for future analysis. 

3.5.2 cDNA library preparation 

For Smart-seq2: 0.1-0.5 ng mRNA from each sample were taken and continued with 

a modified Smart-seq2 protocol (Ji et al., 2023), involving reverse transcription and 

pre-amplification steps to prepare cDNA for library construction. The samples were 

thawed, subsequently heated for 3 minutes at 72°C, and then immediately cooled by 

placing them on ice. After reverse transcription, the pre-amplification of cDNA was 

conducted to generate enough cDNA. The amplification cycles were determined by 

the sample quality and quantity. cDNA libraries were then cleaned using the AMPure 

bead. Qualities of libraries were evaluated with a Bio-analyzer, utilizing the High Sen-

sitivity DNA analysis kit. Fluorometric assessments were also performed using Qubit's 

DNA HS assay kits along with a Qubit 4.0 Fluorometer for concentration measure-

ments. The samples were normalized to a concentration of 160 pg/mL. The sequenc-

ing libraries were prepared using an in-house produced Tn5 transposase. These li-

braries were then barcoded, pooled, and subjected to three rounds of AMPure bead 

cleanup, using a bead-to-library ratio of 0.8:1.  

3.5.3 Sequencing data generation 

For Smart-seq2: libraries were sequenced 2x150 reads base pairs (bp) paired-end on 

DNBSEQ Sequencing System (BGI) to a depth of 1x106-3x106 reads/sample. 

3.6 Bioinformatics analysis 

RNA-sequencing data analysis was performed with support from Dr. Peter Androvic 

at the Institute for Stroke and Dementia Research (ISD) University Hospital, LMU Mu-

nich. Sequencing data were demultiplexed using bcl2fastq (Illumina). Quality control 
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of reads was performed using FastQC and adaptor sequences were trimmed using 

TrimGalore. Reads were then aligned to GRCm38 (mm10) genome with added Exter-

nal RNA Controls Consortium (ERCC) sequences using STAR. Aligned reads were 

counted using the parameter “quantMode GeneCounts” in STAR and unstranded val-

ues were used for subsequent downstream analysis. Samples were further controlled 

for quality, leading to 71 QC-passing samples used in all downstream analyses (Table 

1). Differential gene expression was analyzed using DESeq2 v1.30.153 and pair-wise 

contrasts between experimental groups within region and across all regions were then 

obtained. Principle component analysis (PCA) was performed on the top 500 variable 

genes using prcomp function in R v4.0.3. Functional enrichment analysis was per-

formed with fGSEA v1.16.054 using gene sets obtained from Molecular Signature Da-

tabase v7.2.1 and/or collected from published studies. Networks of enriched gene sets 

were constructed with Enrichment Map v3.3.255 in Cytoscape v3.8.2. Cell type pro-

portion estimates were based on expression of high-confidence cell-type marker 

genes obtained by intersecting various resources. Significance was tested by linear 

mixed model via lmerTest package v3.156 on DESeq2-normalized and variance-sta-

bilized expression values, treating experimental group and region as fixed effects and 

animal and gene as random effects. Post-hoc Tukey’s tests were performed using 

Estimated Marginal Means (emmeans) package v 1.6.1. 

3.7 Statistical analysis 

The specifics of the statistical analysis, including methodologies and parameters, are 

detailed in the respective sections accompanying the results. Where applicable, the 

number of biological replicates (n) is indicated at the bottom of figures. Significance 

levels are provided in the sections where the data are presented. Unless specified 

otherwise, data are presented as means ± the standard error of the mean (SEM). All 

statistical analyses were conducted using GraphPad Prism 9. For comparisons be-

tween two groups with normally distributed data, a two-tailed Student's t-test was em-

ployed to assess statistical significance. In cases involving three or more groups, a 

one-way analysis of variance (ANOVA) was utilized, followed by either Tukey's or Dun-

nett's post hoc test to ascertain statistical significance. 
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3.8 Software 

Table 7. Software 

Software 

Adobe Illustrator 2020                                

Adobe Photoshop 2021                            

Microsoft Office for Mac                                      

GraphPad Prism V9.4.1                          

RStudio 2023.03.0                                                 

Zotero 6.0.30                    

ImageJ software/Fiji software (Version 64-bit Java 1.8.0_172) 

Leica application suite X (Version 3.0.15878.1) 

Carl Zeiss ZEN 2010 (Version 2.3.64.0) 

BioRender (BioRender.com) 
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4. Results 

4.1 Chronic 2E treatment alleviates Aβ deposition in the brains of 
5XFAD mice  

In my thesis, I employed the 5XFAD mouse model, which is genetically engineered to 

exhibit amyloid deposits from as early as 2 months of age  (Oakley et al., 2006), a key 

characteristic of AD. To better mimic a clinical scenario where therapeutic interven-

tions are introduced after the formation of amyloid plaques, we chose to administer 

the 2E peptide intraperitoneally three doses per week to a cohort of female 5XFAD 

mice aged between 3 to 6 months as cohort 1. This treatment timeframe was strategi-

cally chosen, aligning with the crucial phase of plaque accumulation in this model. For 

comparison, age-matched wild-type (WT) mice were given saline injections, allowing 

us to assess the specific impact of 2E in the context of established amyloid pathology 

(Figure 5). Furthermore, an additional exploratory study was conducted, administering 

2E earlier in the disease course, from 2 to 4 months, involving a mixed cohort of male 

and female 5XFAD mice as cohort 2 (Figure 5). This experimental approach aimed to 

evaluate the therapeutic potential of 2E in modifying the course of AD, offering valua-

ble insights into optimal treatment timelines for clinical application.  

 

 
 

Figure. 5 | Schematics of in vivo experimental plan and summary. BM, Barnes Maze; EPM, Ele-

vated Plus Maze; OF, Open Field.  

 

It's noteworthy that a substantial difference in body weight was observed between WT 

mice and 2E-treated 5XFAD mice before and after treatment in cohort 1, without any 

notable weight changes attributable to the 2E peptide treatment within the 5XFAD 

groups (Figure 6A). Furthermore, from the ages of 3 to 6 months, 5XFAD mice exhib-

ited less weight gain compared to their WT counterparts (Figure 6B). Interestingly, a 
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distinct upward trend in body weight gain was observed in 5XFAD mice following the 

2E treatment (Figure 6B). We also investigated whether early-stage administration of 

the 2E peptide would yield similar outcomes in cohort 2. Here, male mice consistently 

outweighed their female counterparts at two separate measurements, and there was 

a noticeable increase in bodyweight among 2E-treated 5XFAD mice in comparison to 

their control counterparts (Figure 6C-D). Collectively, these findings indicate that 2E-

treated 5XFAD mice experienced improved growth conditions relative to controls, with-

out any apparent side effects being identified. 

 

Figure. 6 | 2E peptide has no side effects on bodyweight. A. Quantification of female 5XFAD and 

WT mice bodyweight at 3- and 6-month-old before and after treatment (cohort 1). B. Quantification of 

percentage of bodyweight gain between two experimental time points. C. Quantification of female 
5XFAD and WT mice bodyweight at 2- and 4-month-old before and after treatment (cohort 2). D. Quan-

tification of percentage of bodyweight gain between two experimental time points. Each dot represents 

one mouse. Data are means ± SEM. Bodyweight comparison between gender: ####, p<0.0001; ##, 

p<0.01.  

 

Compared to controls in cohort 1, treatment with 2E peptide significantly reduced Aβ 

plaque deposition in the cortex, where reduction was most pronounced for the number 

of small plaques (<20 µm2 in area), suggesting that after the start of treatment lowered 
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formation of new plaques in the 2E group (Figure 7A-C). Immunostaining with the 6E10 

antibody against human Aβ1-16 showed similar results, supporting the notion that 

treatment with 2E peptide led to a reduction of Aβ plaques deposition in the brain 

(Figure 7B). In cohort 2, female 5XFAD mice have significantly more amyloid plaque 

deposition than their male littermates (Figure 7D), which is consistent with previous 

study (Manji et al., 2019). Of note, 4-month-old 5XFAD mice from cohort 2 developed 

60-70% less amyloid plaque burden in the cortex compared to 6-month-old ones in 

cohort 1 (Figure 7B, D). Consistent with cohort 1, 5XFAD mice developed significant 

less amyloid plaque in both genders after 2E peptide treatment compared to control 

group (Figure 7D), with small plaques decreased the most pronounced which is con-

sistent with the cohort 1 mice (Figure 7E). 6E10 antibody staining showed similar de-

creasing trends which supported the notion that treatment with 2E peptide led to a 

reduction of Aβ plaques in the brain (Figure 7D). Together, these findings demon-

strated that two treatment paradigms of 2E peptide alleviated Aβ plaque burden in the 

brains of 5XFAD mice. 
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Figure. 7 | Chronic 2E treatment alleviates Aβ deposition in the brains of 5XFAD mice. A. Repre-

sentative confocal images of immunostaining of β-amyloid plaque with methoxy-X04 dye (red), and 

6E10 antibody (green) in the brains of saline-treated (upper) or 2E-treated (bottom) 5XFAD mice. Scale 

bar = 100μm. X04: methoxy-X04.  B. Quantification of the percentage of methoxy-X04-positive (left) 

and 6E10-positive (right) Aβ plaque coverage of 6-month-old 5XFAD mice (cohort 1). X04: methoxy-

X04. C. Quantification of methoxy-X04-positive Aβ plaque size distribution of cohort 1 mice. Small: 

plaque size below 20 μm2; Medium: plaque size between 20-100 μm2; Large: plaque size above 100 
μm2. D. Quantification of the percentage of methoxy-X04-positive (left) and 6E10-positive (right) Aβ 

plaque coverage of 4-month-old 5XFAD mice (cohort 2). X04: methoxy-X04. E. Quantification of meth-

oxy-X04-positive Aβ plaque size distribution of cohort 2 mice. Small: plaque size below 20 μm2; Medium: 

plaque size between 20-100 μm2; Large: plaque size above 100 μm2. Each dot represents one mouse. 



 

 

 

60 

4.2 2E changes soluble Aβ42 and Aβ40 levels in Alzheimer’s 
disease mouse models 

Amyloid-beta peptides, particularly Aβ42 and Aβ40, are key biomarkers for Alzhei-

mer's disease. Aβ42 is more hydrophobic and more prone to aggregate than Aβ40 

(Sgourakis et al., 2007). A higher Aβ42 to Aβ40 ratio is often associated with increased 

formation of amyloid plaques, a hallmark of Alzheimer's disease pathology. Thus, I 

evaluated the concentrations of Aβ42 and Aβ40 in the plasma and CSF of 5XFAD 

mice using ELISA. In the first cohort, 2E peptide administration resulted in a partial 

reduction of Aβ42 levels in both plasma and CSF of 5XFAD mice, compared to con-

trols (Figure 8A, C), while Aβ40 levels showed an upward trend (Figure 8B, D). In the 

second cohort of 5XFAD mice, there was a significant decrease in plasma Aβ42 levels 

after 2E treatment (Figure 8E). Remarkably, 4-month-old 5XFAD mice in the second 

cohort exhibited a 60-70% reduction in plasma Aβ42 levels compared to 6-month-old 

ones in the first cohort (Figure 8A, E). This reduction in Aβ42 levels and Aβ42/40 ratio 

aligns with the observed differences in amyloid plaque deposition between the two 

cohorts of 5XFAD mice, suggesting a consistent effect of 2E treatment across different 

measures of AD pathology.  

 

 

Figure. 8 | 2E changes soluble Aβ42 and Aβ40 levels in 5XFAD mouse model. A. Quantification of 
plasma Aβ42 (left) and Aβ40 (right) concentration in 6-month-old 5XFAD mice (cohort 1). B. Quantifi-

cation of CSF Aβ42 (left) and Aβ40 (right) concentration in 6-month-old 5XFAD mice (cohort 1). C. 
Quantification of plasma Aβ42 (left) concentration in 4-month-old 5XFAD mice (cohort 2). Each dot 

represents one mouse.  

 

 

To further elucidate the physiological effects of 2E peptide, we performed 2E intracer-

ebral injections in the APP-NL-G-F mouse model, a novel APP knock-in model of AD 
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(Figure 9A). Four days post-injection, all mice were euthanized for evaluation via 

ELISA assay. Consistent with the results seen in 5XFAD mice, treatment with 2E in 

APP-NL-G-F mice led to a significant reduction in plasma Aβ42 levels, while Aβ40 

levels were observed to increase, leading to a decreasing Aβ42/40 ratio (Figure 9B-

C). These outcomes collectively indicate that 2E peptide treatment regimens effec-

tively modify soluble Aβ42 and Aβ40 concentrations in the plasma and CSF, leading 

to a reduction of  Aβ42/40 ratio across different AD mouse models, showcasing the 

less new amyloid plaque formation post 2E treatment.  

 

Figure. 9 | 2E changes soluble Aβ42 and Aβ40 levels in APP-NL-G-F mouse model. A. Schematical 
experimental outline of 2E intracerebral injection with 10-month-old APP-NL-G-F mice. B. Quantification 

of plasma Aβ42 (left) and Aβ40 (right) concentration in 10-month-old APP-NL-G-F mice. Each dot rep-

resents one mouse.  

4.3 2E shifts amyloid deposition in the brains of 5XFAD mice  

We next investigated amyloid deposition in various brain regions using X-34 and 

smooth muscle actin (SMA-α) staining to assess fibrillar Aβ accumulation. Our findings 

reveal a noticeable trend toward reduced total fibrillar Aβ deposition in both cortical 

areas and the hippocampus following 2E treatment (Figure 10A-B). Conversely, 2E 

led to a significant increase in fibrillar Aβ within blood vessels, as evidenced by areas 

staining positive for both X-34 and SMA-α (Figure 10C). There was a significantly in-

crease in the proportion of vasculature showing Aβ+ staining (Figure 10D), indicating 

an enhanced Aβ accumulation in vascular structures post treatment. Additionally, con-

sistent with certain amyloidosis mouse models that display a sex-dependent effect on 

Aβ plaque accumulation (Manji et al., 2019), we noted sex-specific differences in am-

yloid deposition; female 5XFAD mice exhibited a higher cortical fibrillar amyloid load 
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compared to male counterparts (Figure 7D, 10B). Collectively, these data suggest that 

2E peptide treatment facilitates a shift in amyloid deposition from the brain paren-

chyma to the vasculature. 

 

Figure. 10 | 2E shifts amyloid deposition in the brains of 5XFAD mice. A. Representative confocal 

images of immunostaining of fibrillar plaques/CAA with X-34 (green), smooth muscle of blood vessels 

with SMA-α (red) and nucleus with TO-PRO3 (white) in the brains of saline-treated (left) or 2E-treated 

(right) 5XFAD mice. Scale bar = 50μm. B. Quantification of the total X-34 positive area of 4-month-old 
5XFAD mice (cohort 2). C. Quantification of the total SMA-α/X-34 positive area of 4-month-old 5XFAD 

mice. D. Quantification of the ratio of SMA-α/X-34 positive area out of total X-34 area of 4-month-old 

5XFAD mice. Each dot represents one mouse.   

4.4 2E distributes into brain after intraperitoneal injection 

To better characterize the functions and potential mechanisms of 2E peptide, the de-

velopment of a specific anti-2E monoclonal antibody was needed. Through a meticu-

lous screening and validation process, the anti-2E 26A12 antibody, a mouse IgG2a 

monoclonal antibody (mAb), emerged as highly sensitive and dose-responsive specif-

ically to the 2E peptide, demonstrating remarkable selectivity over other peptides such 

as the parent peptide IAPP or msR4M-L1, a completely unrelated peptide sequence 

of similar length (Kontos et al., 2020) (Figure 11A-B). Of note, anti-2E 26A12 antibody 
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effectively detected 2E in a spike-in assay within brain homogenates, identifying it at 

approximately 2-3 kDa, while showing no cross-reactivity with the full-length IAPP pep-

tide (Figure 11C). Interestingly, this antibody also revealed 2E immunopositivity at 

higher molecular weights, ranging from 15-30 kDa (Figure 11C), suggesting the pres-

ence of 2E peptide aggregates or possibly its interaction with other brain proteins. 

 

Figure. 11 | Anti-2E 26A12 monoclonal antibody validation and 2E detection using spike-in as-
says. A. Slot-blot assays for the validation of anti-2E 26A12 antibody with 0, 34, 68, 125, 250, 500 and 

1000 ng of 2E peptide, and 1000 ng of msR4M-L1 peptide (L1) as negative control (Kontos et al., 2020). 

B. Slot-blot assays for the validation of anti-2E 26A12 antibody with 0, 125, 250, 500, 1000 ng of 2E 

peptide, and 250, 500, 1000ng of IAPP peptide. C. Western blot assay for 2E peptide detection in brain 

homogenates after 2E spike-in and IAPP spike-in; Ponceau staining of proteins/peptide load after SDS-

PAGE (left), proteins/peptide bands detected by anti-2E 26A12 antibody (right).  

 

Following short-term (4 h) i.p. injections of 2E peptide, Western blot analyses of brain 

homogenates were conducted (Figure 12A). The anti-2E 26A12 antibody identified 

bands in the range of 15-30 kDa, exhibiting a dose-dependent response, which, 

alongside the results from spike-in experiments, implies that these bands likely 

represent protein complexes or peptide oligomers containing 2E peptide (Figure 12B). 

Therefore, it can be concluded that after i.p. injection, the 2E peptide successfully 

penetrates the BBB and distributes within the brain. 



 

 

 

64 

 

Figure. 12 | 2E distributes within the brain after i.p. injection. A. Schematics of experimental outline 

for 2E challenge. B. Ponceau staining of proteins/peptide load after SDS-PAGE (left), proteins/peptide 

bands detected by anti-2E 26A12 antibody (right). Each blot contains one sample in order from left to 

right. 

4.5 Chronic 2E treatment improves behavior deficits in 5XFAD mice 

To evaluate the effect of 2E peptide on the cognitive functions, we performed Barnes 

maze with 6-month-old 5XFAD mice from cohort 1 (Figure 13A). Compared with WT 

mice, 5XFAD group showed notable impairments in spatial learning and memory, ev-

idenced by extended escape latency and longer total distance covered on the platform 

(Figure 13B-C). Moreover, these 5XFAD mice spent less time and traveled less dis-

tance in the target quadrant (Figure 13B-C). Notably, treatment with the 2E peptide 

effectively mitigated these cognitive deficits in the 5XFAD mice, indicating that chronic 

administration of 2E significantly improved spatial learning and memory in this AD 

mouse model and offering the potential therapeutic applications in human AD treat-

ment strategies. 
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Figure. 13 | 2E improves behavior deficits in 5XFAD mice. A. Schematics of Barnes maze experi-

mental outline (upper), representative tracing graphs in platform trials of 6-month-old mice (cohort 1) in 

Barnes maze (bottom). B. Quantification of the escape latency to the target hole (left) and percent of 

time in target quadrant (right) in probe trial of Barnes maze. C. Quantification of the total distance trav-

elled on the platform (left) and percent of distance in target quadrant (right) in probe trial of Barnes 

maze. Each dot represents one mouse.  

 

In the open field test, 5XFAD mice at 6 months of age exhibited significantly reduced 

mobility compared to their WT littermates, traveling less distance (Figure 14A-C). Re-

markably, post-2E treatment, 5XFAD mice displayed enhanced mobility, travelling dis-

tances comparable to the WT group, showing a notable improvement in their activity 

levels. While there were similar trends in the frequency of entering the center of the 

open field, these did not reach statistical significance, suggesting no major differences 

in exploratory behavior among the experimental groups (Figure 14A-C). Additionally, 

the elevated plus maze test revealed that 2E treatment did not change the stress and 

anxiety levels in 6-month-old 5XFAD mice (cohort 1), as their performance remained 

similar to that of the control group (Figure 14D-E). This outcome implies that the ob-

served cognitive improvements in the Barnes maze and enhanced mobility in the open 

field test were not influenced by changes in anxiety or stress levels, underscoring the 

specific beneficial effects of 2E treatment on cognitive and locomotor functions in this 

AD mouse model. 
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Figure. 14 | 2E improves behavior deficits without changing the anxiety levels in 5XFAD mice. 
A. Illustrative examples of travel paths from WT control mice (left), 5XFAD control mice (middle) and 

2E-treated 5XFAD group (right) in the open field (OF) test of 6-month-old mice (cohort 1). B. Quantifi-

cation of distance travelled on the platform in OF. C. Quantification of frequency in center in OF. D. 
Quantification of time in the closed arm in elevated plus maze of 6-month-old mice (cohort 1). D. Quan-

tification of time in the open arm in elevated plus maze of 6-month-old mice (cohort 1). Each dot repre-

sents one mouse.  

 

In the cohort 2 mice, analysis of the open field test and the elevated plus maze re-

vealed no significant differences between the experimental groups, reinforcing the 

conclusion that there were no changes in anxiety levels (Figure 15A-D). Furthermore, 

the result showed no distinct gender-related effects on the outcomes, with both male 

and female mice exhibiting similar behavioral responses across these tests. This con-

sistency across genders and experimental conditions underscores the absence of anx-

iety alterations in response to the experimental treatments, further supporting the 

specificity of any observed therapeutic effects to cognitive and motor functions rather 

than alterations in stress or anxiety levels. 
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Figure. 15 | 2E has no effects on the anxiety levels of young 5XFAD mice. A. Quantification of 

distance travelled on the platform of 4-month-old mice (cohort 2) in the open field test. B. Quantification 

of frequency in center on the platform of 4-month-old mice (cohort 2) in the open field test. C. Quantifi-
cation of time in the closed arm in elevated plus maze of 4-month-old mice (cohort 2). D. Quantification 

of time in the open arm in elevated plus maze of 4-month-old mice (cohort 2). Each dot represents one 

mouse.  

4.6 Establishment of RNA sequencing with PFA-fixed brain 
samples 

Given the complexity of conducting transcriptomic analyses on mouse brains that have 

been perfused and fixed with PFA, which typically results in low-quality RNA unsuita-

ble for sequencing, here we developed a novel method to address this challenge.  Our 

method involves the application of proteinase K to digest the proteins and reverse the 

PFA-induced cross-links in RNA, thereby releasing the RNA (Phan et al., 2021; Thom-

sen et al., 2016). Subsequently, we employ oligo dT25 magnetic beads to selectively 

isolate polyA+ mRNA from the pool of freed RNA (Picelli et al., 2013), as the steps 

briefly summarized in Figure 16.  

 

Figure. 16 | Workflow of the main steps of the RNA extraction protocol from PFA-fixed tissue. 
This figure is part of our published method paper on Methods Mol Biol. This figure is part of our pub-

lished method paper in Methods Mol Biol. (Ji et al., 2023:2616:205-212. doi: 10.1007/978-1-0716-2926-
0_16.) 
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To prepare brain tissue samples for RNA sequencing, the targeted brain section is 

carefully micro-dissected under a microscope using a pipette to gently scratch and 

isolate the target area, including cortex, hippocampus, and brain stem (Figure 17A). 

The collected brain tissue is then transferred with the same tip into a tube, where the 

precipitate can be visually confirmed (Figure 17B).  

 

 

Figure 17. | Isolation of brain tissue for RNA-seq through microdissection. A. The initial prepara-

tion of brain section with 200 µl pipette, and the RNA isolation buffer under a microscope; B. Dissected 
brain sections deposition in the RNA isolation buffer. This figure is part of our published method paper 

in Methods Mol Biol. (Ji et al., 2023:2616:205-212. doi: 10.1007/978-1-0716-2926-0_16.) 

 

To lyse tissue and reverse cross-links, samples are incubated at 56°C for 4 h in a 

thermal cycler, ensuring to check hourly for sample dissolution. Post-incubation, sam-

ples are proceeded for with mRNA purification and elution, where pre-washed dT25 

beads are used to mix with samples (Figure 18A), facilitating the reversal of cross-

linked RNA. The sample-bead mixture undergoes three washes at RT to ensure thor-

ough cleaning (Figure 18B). Finally, to elute the mRNA, the mixture is heated at 80°C 

for two minutes and then placed on a magnet at room temperature to separate the 

beads from the eluted mRNA (Figure 18C). 
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Figure 18. | Purify and elute mRNA using oligo dT25 magnetic beads. A. Homogenous sample-

bead mixture after fully resuspending; B. Bead-sample solution placed on the magnet after incubation 

period; C. Bead-sample pallet in the tube on the magnet after separating the supernatant. This figure is 
part of our published method paper in Methods Mol Biol. (Ji et al., 2023:2616:205-212. doi: 

10.1007/978-1-0716-2926-0_16.)  

 

After the quality checks on purified mRNA extracted from brain tissue, we constructed 

the cDNA library with a modified Smart-seq2 protocol (Ji et al., 2023). To validate the 

quality and integrity of the cDNA libraries, we verified the peak size of the cDNA frag-

ments, which was found to be around 251 base pairs (bp) (Figure 19). This size fall 

within the acceptable range of the most sequencing platforms, ensuring the suitability 

of our libraries for the subsequent sequencing process.  

 

Figure. 19 | Quality check of cDNA libraries before sequencing. The Bioanalyzer data revealed a 

peaking fragment size of approximately 251 bp for the of the RNA sequencing libraries, with two ladders 

at 35 bp and 10380 bp as controls. This figure is part of our published method paper in Methods Mol 

Biol. (Ji et al., 2023:2616:205-212. doi: 10.1007/978-1-0716-2926-0_16.)  
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Prior to conducting differential gene expression analysis and data visualization, we 

evaluated the quality of our sequencing libraries by examining various sequencing 

metrics. This assessment included measuring the total number of sequences and the 

count of RNA species detected, ensuring the percentage of mitochondrial genes did 

not exceed 0.5%, and confirming that ribosomal genes constituted no more than 10% 

of the total. Additionally, we evaluated the percentage of ERCC spike-ins (Figure 20). 

No tissue region effect was detected in above mentioned parameters. These quality 

checks were applied across multiple brain regions of the mouse to guarantee the reli-

ability and accuracy of our sequencing results. 

Figure. 20 | Quality assessment of the sequencing data. Violin plots displaying the number of total 

sequences, number of RNA counts, percentage of mitochondrial and ribosomal genes, and percentage 
of ERCCs. Samples that did not meet our quality standards were filtered out prior to this analysis. This 

figure is part of our published method paper in Methods Mol Biol. (Ji et al., 2023:2616:205-212. doi: 

10.1007/978-1-0716-2926-0_16.) 

4.7 2E alters 5XFAD induced gene expression changes 

Despite considerable heterogeneity of the mouse AD models, changes in gene ex-

pression are consistent across models, providing insights to cell-type specific changes 

during disease course. To study the impact of the 2E peptide on cellular responses, 

we isolated RNA from PFA-fixed micro-dissected brain tissues using an optimized pro-

tocol and prepared 74 RNA-Seq libraries using a modified SmartSeq2 protocol (Ji et 

al., 2023) and 3 libraries excluded during quality controls (Figure 21A). Differential 

gene expression analysis between 5XFAD and WT mice revealed an upregulation of 

a multitude of genes related to the immune response, inflammation, and microglial and 

astrocytic activation (Figure 21B), consistent with previous studies in AD mouse mod-

els (Habib et al., 2020; Keren-Shaul et al., 2017; K. Srinivasan et al., 2016). We then 



 

 

 

71 

compared differentially expressed genes due to 2E treatment in the 5XFAD mice. Mul-

tiple genes related to neuronal activity and neurodevelopment such as sodium voltage-

gated channel beta subunit 4 (Scn4b), proenkephalin (Penk), Rasd2, and six3 showed 

higher expression in saline-treated 5XFAD mice, while 2E treatment was associated 

with an increase in the expression of many genes including annexin A11 (Anxa11), 

crystallin Mu (Crym), and ankyrin repeat and SOCS box containing 18 (Asb18) (Figure 

21B).  

 

Figure. 21 | RNA-seq experiment summary and differential gene expression analysis. A. Sche-

matics of sample collection for RNA-seq analysis. B. Volcano plots showing gene expression differ-

ences between 5XFAD and WT (left), and 5XFAD and 5xFAD+2E (right) samples. Highlighted in color 

are genes with p-adj < 0.05 and |log2 fold-change|> 0.65.  

 

We then analyzed global transcriptional similarity of samples using principal compo-

nent analysis (PCA). First principal component (PC1) separated samples by brain re-

gion (P=4.05E-29), with most variability originating from differences between brain 

stem and other regions (Figure 22A). Second principal component (PC2) separated 

WT samples from 5XFAD samples, and the 2E-treated group showed an increase in 

the separation (Figure 22A). Consistent with results from DE analysis, among the top 

PC2 genes were multiple lysosomal genes (Ctss, Ctsb, Ctsd, Cd68) and several mi-

croglia and astrocytes activation genes (Trem2, Apoe, Gfap, Serpina3n). The 2E treat-

ment group had a significantly higher induction of several of the PC2 genes including 

Ctsd, Trem2, Gfap, and Cd63, indicating enhanced microglia and astrocytes activation 

(Figure 22C). Third principal component (PC3) clustered the 2E-treated 5XFAD and 

WT samples away from the saline-treated 5XFAD samples, indicating that treatment 

with 2E prevented 5XFAD-induced transcriptional changes in the genes contributing 

to PC3 (Figure 22B). Genes with highest loadings to PC3 were mostly associated with 

neuronal activity and behavior (Crym, Cpne7, Scn4b, Rasd2, Grp, Cplx1, Pvalb), in 
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line with the behavioral rescue of 5XFAD effect noted in the 2E-treated group (Figure 

22D).  

 

Figure. 22 | 2E alters 5XFAD induced gene expression changes. A/B. PCA plots showing global 

clustering of individual samples, colored by region (left sub-plots) and by experimental group (right sub-

plots). Each dot represents one sample. C. Boxplot of PC2 scores for individual mouse. Heatmap shows 

scaled gene expression of top 50 genes with highest absolute loadings to PC2. Each dot represents 

one mouse. D. Boxplot of PC3 scores for individual mouse. Heatmap shows scaled gene expression of 

top 50 genes with highest absolute loadings to PC3. Each dot represents one mouse. 

 

To provide functional insight into gene expression signatures, we analyzed enrichment 

of gene ontology terms, signaling and metabolic pathways using gene set enrichment 

analysis (GSEA) (Figure 23A-B). When comparing 5XFAD to WT mice, we found a 

significant upregulation of gene sets related to the immune response and glial activa-

tion (Figure 23A). Comparing the saline-treated 5XFAD group with that of the 2E 

group, revealed a higher enrichment of gene sets related to behavior, neurotransmitter 

release and transport and membrane polarization in samples from the saline-treated 

5XFAD mice, while the 2E-treated mice displayed a higher enrichment of sets associ-

ated with myeloid activation, extracellular matrix remodeling, phagocytosis, and lyso-

somes, suggesting improved processing of amyloid by phagocytic glia and normaliza-

tion of neuronal activity in 2E-treated 5XFAD mice (Figure 23B). Overall, these findings 
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highlighted the potential therapeutic effects of the 2E peptide in mitigating the patho-

logical changes associated with AD, including immune response dysregulation, glial 

activation, amyloid processing, and neuronal dysfunction. 

 

Figure. 23 | Functional analysis of the differentially expressed genes. A. Enrichment map of sig-

nificantly enriched (p-adj < 0.05) GO terms and pathways in 5XFAD compared to WT samples. Nodes 

represent gene sets and edges represent degree of overlap between gene sets. B. Enrichment map of 

significantly enriched (p < 0.05) GO terms and pathways in 5XFAD compared to 5xFAD+2E samples. 
Nodes represent gene sets and edges represent degree of overlap between gene sets. 

4.8 2E decreases neuronal damage in the brains of 5XFAD mice 

Following the beneficial effects in behavioral tests and amyloid pathology in 5XFAD 

mice after 2E treatment, we investigated its neuroprotective potential. 2E led to a par-

tial reversal of the transcriptional changes induced by 5XFAD that are associated with 

synaptic transmission, glutamate and neurotransmitter secretion, and behavior (Figure 

24A). Notably, several genes implicated in neuronal activity and neurodegeneration, 

including Camk4, Rgs9, Penk, Ppp1r1b, and Rasd2, were modified in saline-treated 

5XFAD mice (Figure 24B). In contrast, the 2E-treated 5XFAD mice exhibited a pattern 

of neuronal gene expression that closely resembled that of WT mice, indicating a sig-

nificant restoration towards normal neuronal function (Figure 24B). This suggests that 

the 2E treatment not only ameliorates amyloid deposition and improves behavioral 

outcomes but also exerts a protective effect on neuronal integrity and function in the 

context of AD.  
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Figure. 24 | 2E mitigates neuronal damage in the brains of 5XFAD mice. A. Enrichment of selected 

gene sets related Figure 2-8 F. NES = normalized enrichment score. Shades of red mean higher activity 
in first group in pair-wise contrast. Blue shades represent higher activity in second group in pair-wise 

contrast. B. Boxplots of selected neuron-activity related genes. C. Representative confocal microscope 

images of mouse brain slices stained with a Methoxy-X04 dye (green) and Y188 antibody (red). Scale 

bar = 50μm. D. Quantitation of the Y188 intensity coverage (upper) and the coverage per plaque (bot-

tom). E. Boxplots of selected neurofilaments related genes. F. Standard curve (left) and quantitation 

(right) of the NfL level in mice serum using Simoa assay. Center shows mean.  

 

To further understand the impact of 2E on neuronal integrity, given the neurotoxic na-

ture of Aβ plaques, we next examined whether the observed changes in the amyloid 

plaque profile afforded by 2E treatment influenced neuronal damage. We stained brain 

sections for the C-terminus of APP using antibody against APP residue Y188 

(Jankowsky et al., 2007). As APP accumulates in dystrophic neurites, C-terminal APP 

positivity is an indication of neuronal damage (Vaillant-Beuchot et al., 2021). We 

measured C-terminal APP+ neuronal processes within 0-30 μm spherical shells sur-

rounding Aβ plaques (Figure 25A). Consistent with its protective effects on plaque 

deposition, treatment with 2E significantly reduced the total area of dystrophic neurites, 

as detected by immunostaining with an anti-APP-Y188 antibody (Figure 25B). How-

ever, when comparing the extent of dystrophic neurites associated with each plaque, 

no significant differences were observed between the groups treated with the saline 

and 2E, suggesting that the remaining plaques in the 2E-treated group retained a sim-

ilar level of neurotoxicity as those in the saline-treated group (Figure 25C). This indi-

cates that while 2E treatment effectively reduces the overall burden of dystrophic neu-

rites, the intrinsic toxicity of the plaques that do form remains unchanged. 
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Figure. 25 | 2E mitigates dystrophic neurites in the brains of 5XFAD mice. A. Representative con-

focal microscope images of mouse brain slices stained with a Methoxy-X04 dye (green) and Y188 an-

tibody (red). Scale bar = 50μm. B. Quantitation of the Y188 intensity coverage. C. Quantitation of the 

Y188 coverage per plaque. Each dot represents one mouse.  

 

NfL, a neuron-specific intermediate filament protein, has gained recognition as a po-

tent blood-based biomarker for neurodegeneration across various neurological condi-

tions, including AD (Preische et al., 2019). In our study, the genes encoding neurofil-

ament proteins, Nefl and Nefm, exhibited elevated mRNA expression levels in saline-

treated 5XFAD mice, but not observed in the 2E-treated group (Figure 26A-B). To 

quantitatively assess neuro-axonal injury and BBB integrity, we employed the single 

molecule array (Simoa) technology, a highly sensitive digital immunoassay, to meas-

ure serum NfL levels (Abdelhak et al., 2019). Aligning with findings from prior research 

(Andersson et al., 2020), we detected a significant increase in plasma NfL levels in 6-

month-old 5XFAD mice when compared to their WT littermates, indicating heightened 

neurodegeneration (Figure 26C-D). However, the comparison between 2E- and sa-

line-treated 5XFAD mice revealed no significant differences in plasma NfL levels, only 

a decreasing trend (Figure 26D). In a related context, clinical studies of the anti-amy-

loid antibody, donanemab, did not lowered plasma NfL levels, but phosphorylated 

tau217 and glial fibrillary acidic protein (GFAP) levels (Pontecorvo et al., 2022).  
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Figure. 26 | 2E decreased the biomarkers of neurodegeneration in 5XFAD mice. A/B. Boxplots of 

selected neurofilaments related genes. C. Standard curve of the NfL level in mice serum using Simoa 
assay. D. Quantification of NfL level in mice serum using Simoa assay.  

4.9 2E alters disease-associated glial signatures  

To understand the impact of 2E on glial response to Aβ aggregation, we explored the 

gene expression of astrocytes and microglia and their spatial relationship with amyloid 

plaques in the cortex. Staining for GFAP, a marker of astrocyte reactivity, revealed an 

increase in cortical astrocyte activation following 2E administration (Figure 27A-B). 

Compared to the control ones, there was a notable enrichment in the number of as-

trocytes surrounding the plaques (peri-plaque astrocytes) and in their activation level, 

as evidenced by the GFAP-positive area, when analyzed in conjunction with methoxy-

X04-stained amyloid plaques (Figure 27B-C). This suggests that 2E treatment not only 

affects amyloid plaque deposition but also significantly influences the glial response 

to these plaques, particularly enhancing astrocyte reactivity in the cortical regions.  

Figure. 27 | 2E activates astrocytes in the brains of 5XFAD mice. A. Representative confocal mi-
croscope images of mouse brain slices stained with a Methoxy-X04 dye (magenta) and GFAP antibody 

(green). Scale bar = 50μm. B. Quantitation of the GFAP+ coverage. C. Quantitation of the peri-plaque 

astrocytes numbers.  
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Turning to microglia, Iba1 staining was conducted to assess changes in cortical mi-

croglia. The analysis showed no significant alterations in the density or morphology of 

Iba1+ microglia in the cortex following 2E treatment (Figure 28A-B). While there ap-

peared to be a slight increase in the number of microglia surrounding amyloid plaques 

(peri-plaque microglia), without reaching statistical significance (Figure 28C). This out-

come implies that while 2E effectively modulates amyloid pathology, its impact on mi-

croglial activation, especially in proximity to plaques, might be limited. It raises the 

possibility that 2E's influence on the glial response could be mediated by changes in 

the distribution or forms of Aβ, particularly oligomeric species, rather than through a 

direct effect on microglial activation or recruitment. 

Figure. 28 | 2E partially activates microglia in the brains of 5XFAD mice. A. Representative confo-

cal microscope images of mouse brain slices stained with a Methoxy-X04 dye (magenta) and Iba1 

antibody (white). Scale bar = 50μm. B. Quantitation of the Iba1+ coverage. C. Quantitation of the peri-

plaque microglia numbers.  

 

To further corroborate our findings, we performed Western blot analysis using an anti-

GFAP antibody to detect activated astrocytes. There was a noticeable increase in total 

GFAP protein expression after 2E treatment, indicating enhanced astrocyte activation 

(Figure 29A). Further checking the cellular responses, we analyzed astrocyte and 

microglia gene expressions using published scRNA-Seq data from models of 

amyloidosis, focusing on disease-associated astrocytes (DAA) (Habib et al., 2020) and 

disease-associated microglia (DAM) signatures (Keren-Shaul et al., 2017). The 

analysis showed that 2E-treated 5XFAD mice exhibited a significantly stronger DAA 

signature compared to the saline-treated 5XFAD mice, indicating an increased 

astrocytic response (Figure 29B). Conversely, the expression levels of the DAM gene 

set were comparable between the two 5XFAD groups, indicating no significant impact 
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on microglial activation (Figure 29B). This was further supported by the increased 

levels of the reactive astrocyte markers Gfap and Serpina3n in 2E-treated 5XFAD 

mice, in contrast to the saline-treated ones (Figure 29C). These findings compellingly 

suggest that 2E preferentially targets astrocytic rather than microglial activation in the 

context of AD pathology. 

 

Figure. 29 | 2E preferentially activates astrocytes rather than microglia. A. Representative western 

plot bands (upper) and quantification (bottom) of GFAP protein expression in the brains of 6-month-old 
5XFAD mice. B. Bubble plot showing enrichment of DAA and DAM gene signatures among differentially 

expressed genes, as analyzed by GSEA. NES = normalized enrichment score. C. Expression of marker 

genes for reactive astrocytes, astrocytes, and microglia. Each dot represents one mouse.  

 

To determine whether the observations were attributable to variations in total numbers 

of microglia or astrocytes, or due to increased transcriptional activation, transcriptome 

deconvolution using stable marker gene sets was performed. This indicated an ele-

vated microglial presence in 5XFAD mouse samples, which remained unaffected by 

2E treatment. The astrocytic stable marker gene set, represented by established as-

trocytic markers, was consistent across all groups (Figure 30A). Further examination 

using the cell proliferation marker Ki67 demonstrated that an enhanced microglial pro-

liferation seen in 5XFAD mice was not affected by the 2E treatment (Figure 30B-C). 

Collectively, these findings suggest that 2E predominantly activates peri-plaque astro-

cytes, a contrast to amyloid-β-targeting antibodies known to stimulate microglia via 

their Fc regions (Bard et al., 2000; Bohrmann et al., 2012; Koenigsknecht-Talboo et 

al., 2008; Sevigny et al., 2016b).  
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Figure. 30 | 2E has no effects on glial cell numbers in the brains of 5XFAD mice. A. Transcriptome 

deconvolution with microglia and astrocytes marker gene sets. B. Representative confocal microscope 

images of mouse brain slices stained with Hoechst/Methoxy-X04 dye, Ki67 and Iba1 antibody. Scale 

bar = 50μm. C. Quantification of Ki67+ cell numbers and Iba1+Ki67+ cell numbers. Each dot represents 

one mouse.  

 

Furthermore, samples from 2E-treated mice showed an increased enrichment of sev-

eral GO terms and pathways related to lysosomal and phagocytic activity (Figure 31A). 

This observation indicates that 2E may enhance the phagocytic uptake of Aβ by mi-

croglia, suggesting a mechanism by which 2E contributes to the clearance of amyloid 

plaques. To better assess the phagocytotic activity of microglia, we conducted immu-

nofluorescence analysis using CD68, a marker for phagocytosis. Results showed that 

the area positive for CD68 was significantly increased in the 2E-treated 5XFAD mice 

compared to the control ones (Figure 31B-C), signifying enhanced phagocytic activity. 

Taken together, these findings demonstrate that 2E not only increases the number of 

plaque-associated astrocytes but also stimulates microglial activation, contributing to 

a potentially more effective amyloid clearance mechanism. 
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Figure. 31 | 2E increases phagocytic activity of microglia in the brains of 5XFAD mice. A. Enrich-

ment of several GO terms and pathways related to lysosomal and phagocytic activity. B. Representative 

confocal microscope images of mouse brain slices stained with a Methoxy-X04 dye (magenta), CD68 

antibody (white). Scale bar = 50μm. C. Quantitation of the CD68+ coverage.  

 

In summary, the effectiveness of two treatment paradigms of the macrocyclic peptide 

2E in mitigating amyloid pathology was examined across both genders of 5XFAD and 

APPNL-G-F transgenic mice models. The findings demonstrated a notable decrease 

in amyloid accumulation in the cortex, a lower Aβ42/40 ratio in both plasma and cere-

brospinal fluid (CSF), a redistribution of amyloid from the brain parenchyma to cerebral 

blood vessels, reduced neuronal damage, and increased activation of astrocytes fol-

lowing 2E treatment. Additionally, 5XFAD mice treated with 2E showed enhanced 

memory and motor functions, with no change in anxiety or stress levels. A novel 

method for performing high-resolution RNA sequencing on paraformaldehyde-fixed 

tissue sections was developed. RNA-seq data underscored the capacity of 2E to pro-

mote astrocyte activation and reverse changes in gene expression related to Alzhei-

mer's disease (AD) in neurons. Crucially, the detection of 2E in the brain post-intra-

peritoneal injection underscores its effective biodistribution. Consequently, the macro-

cyclic peptide 2E holds significant promise as an effective therapeutic, either alone or 

in conjunction with other anti-amyloid measures, in addressing amyloid-beta-driven 

AD pathology. 
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5. Discussion 

5.1 Peptide-based inhibitors for Aβ aggregation 

Both animal and human studies highlight the pivotal role of Aβ misfolding (primarily 

Aβ40 and Aβ42) and the resulting processes like oxidative stress and inflammation in 

AD progression (Cheng et al., 2020; Cummings et al., 2019; Y.-H. Liu et al., 2012). A 

recent analysis reveals a staggering 99.6% failure rate of AD drug development over 

the past century since AD's identification (Berchtold & Cotman, 1998). The ineffective-

ness of these drugs in enhancing cognitive functions in AD patients is largely due to 

misguided targeting, adverse drug reactions, and neuroinflammatory responses (Ail-

laud & Funke, 2023; Y.-H. Liu et al., 2012). Aducanumab, which received expedited 

FDA approval for AD treatment and targets both soluble and insoluble Aβ aggregates, 

is still a subject of debate and requires further evaluation in patients (Karlawish & Grill, 

2021). These setbacks underscore the urgency for novel and effective AD treatments 

and therapies, focusing on precise targeting, reduced immunogenicity, and better bi-

ocompatibility. 

In the previous ten years, peptide-based medicines have gained significant attention 

and prominence in the pharmaceutical industry. An example of this is enfuvirtide, a 36 

amino acid biomimetic peptide used in HIV-1 treatment (de Castro et al., 2016), and 

ziconotide, employed for severe chronic pain management (Bourinet & Zamponi, 

2017; Deer et al., 2019), and semaglutide used for T2D treatment (Frías et al., 2021). 

These peptide drugs have found applications in diverse therapeutic fields, including 

urology, respiratory, pain management, oncology, metabolism, cardiovascular health, 

and antimicrobial treatments (Fisher et al., 2019; Iyengar et al., 2017; Sloan, 2019; 

Torres et al., 2019). Currently, over 60 peptide drugs have received FDA approval for 

disease treatment, with more than 400 in clinical development stages (A. C.-L. Lee et 

al., 2019). Peptides offer advantages over small molecules and antibodies due to their 

ease of modification and ability to penetrate tissues and cells, along with high biocom-

patibility and low immunogenicity, making them promise for AD therapy. 

Typically, peptides consist of amino acid chains weighing between 500-5000 Da (Hen-

ninot et al., 2018), and their structure and function depend on their amino acid se-

quences. Their chirality, a critical aspect of peptides, plays a significant role in their 
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applications (Sidorova et al., 2021). Some studies have concentrated on the chirality 

of amino acids or peptide-based materials in relation to Aβ aggregation, as chiral ma-

terials can recognize biomolecules and engage in vital physiological processes 

(Pisarewicz et al., 2005). Other research approaches involve screening specific pep-

tides against target molecules like Aβ through phase display, aiming to identify pep-

tides with a high affinity to Aβ, which could be used to alter Aβ conformation and ag-

gregation. Additionally, strategies have been developed to design functional peptides 

that inhibit Aβ aggregation, drawing on knowledge of amyloid fibrosis core sequences 

and Aβ structure. 

To counteract Aβ aggregation, most peptide inhibitors have been developed using four 

key approaches. The first three involve designing inhibitors based on molecular recog-

nition, focusing on 1) amyloid self-assembly, 2) cross-amyloid interactions, and 3) in-

teractions with chaperones or other non-amyloidogenic proteins. The fourth method 

employs combinatorial libraries and peptide chemistry techniques for inhibitor discov-

ery and optimization. This discussion will focus on the first two methods. 

The most widely researched approach involves inhibitors that originate from segments 

of amyloid self-recognition. These inhibitors, after modifications like N-methylation of 

amide bonds or cyclization for conformational restriction, incorporate or derive from a 

“self-recognition” or “amyloid core” region (Funke & Willbold, 2012; Gordon et al., 

2001; Goyal et al., 2017; Kapurniotu et al., 2003). A primary example of this strategy 

is the development of amyloid inhibitors for Aβ40(42) derived from its self-recognition 

segment, Aβ(16-20). 

The second strategy involves designing inhibitors from amyloidogenic polypeptides 

that cross-interact with the target polypeptide. The interaction partner, either in full-

length or as “hot segments,” is utilized. The interaction between islet amyloid polypep-

tide (IAPP) and Aβ is a notable instance, where this cross-interaction was harnessed 

to create cross-amyloid inhibitors (O’Nuallain et al., 2004). Building on IAPP's cross-

amyloid inhibitory function, the macrocyclic 17-residue peptide 2E was engineered to 

mimic IAPP's interaction surface with Aβ (Spanopoulou et al., 2018). Remarkably, 2E 

demonstrated potent inhibition of Aβ amyloid self-assembly in vitro, showing high pro-

teolytic stability in human plasma and the ability to cross the BBB in an in vitro model.  
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In my thesis, the effectiveness of 2E was evaluated in 5XFAD mice, where two sepa-

rate experiments showed that 2E treatment significantly reduced the formation of 

plaques, particularly the smaller ones (Figure 13), paralleling IAPP's in vivo effects in 

5XFAD mice (Zhu et al., 2015). Moreover, 2E treatment led to a reduction in soluble 

Aβ42 and an increase in Aβ40, namely a lower Aβ42 to Aβ40 ratio, in two AD mouse 

models, namely 5XFAD and APPNL-G-F mouse models (Figure 14-15). These find-

ings confirmed that less plaque formation after 2E treatment since elevate Aβ42/Aβ40 

ratio could promote plaque formation (Zhang et al., 2023). Furthermore, 2E contributed 

to the relocation of amyloid deposits from brain parenchyma to blood vessels (Figure 

16). Notably, 2E's presence in the brain 4 hours after i.p. injection was confirmed using 

a monoclonal anti-2E antibody, corroborating its distribution (Figure 17-18) and sup-

porting earlier in vitro findings of its stability and ability to penetrate the BBB (Spanop-

oulou et al., 2018). Behavioral tests revealed that prolonged 2E administration en-

hanced spatial learning and memory capabilities in 5XFAD mice, without impacting 

their anxiety levels (Figure 20-21). Collectively, these findings indicate that the 2E, a 

peptide-based inhibitor, significantly reduces Aβ accumulation in AD mouse models, 

underlining its potential as an effective agent for protecting against AD brain pathology. 

5.2 Responses of microglia 

In AD mouse models, experiments have shown that microglia are responsible for the 

increased myeloid cell numbers seen in brains with plaque pathology, rather than in-

filtrating macrophages playing a significant role (Y. Wang et al., 2016). Over the past 

years, human genetic research, particularly genome-wide association studies (GWAS) 

via single-nucleotide polymorphisms (SNPs), has made significant progress in identi-

fying genetic risk factors linked to AD (Bateman et al., 2012; Fleisher et al., 2012; 

Villemagne et al., 2013). A considerable portion of the genetic predisposition to spo-

radic AD is attributed to variations in the APOE gene, which has three common alleles 

coding for different forms of APOE: apoE2, apoE3, and apoE4 (Holtzman et al., 2012). 

ApoE, a major component of lipoproteins including brain-located lipoproteins, is in-

volved in the transport of lipids and cholesterol. It is found in Aβ plaques and influences 

both the clearance and accumulation of the Aβ peptide in the brain (Bien-Ly et al., 

2012; Holtzman et al., 2012; Namba et al., 1991; Wisniewski & Frangione, 1992). No-
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tably, apoE4 is linked to reduced Aβ clearance and increased plaque deposition com-

pared to apoE3 (Castellano et al., 2011; Fleisher et al., 2013), although the exact 

mechanisms of how apoE4 elevates AD risk are not fully understood. One of the criti-

cal roles of microglia, facilitated by TREM2, is the engulfment and clearance of cellular 

debris. This includes the phagocytosis of apoptotic neurons, bacteria, LDL, other lipo-

proteins, and Aβ aggregates (Atagi et al., 2015; Yeh et al., 2016). TREM2's efficiency 

in mediating the uptake of Aβ, particularly when complexed with lipoproteins like LDL, 

apoE, and CLU/apoJ, is crucial in Alzheimer's pathology (Yeh et al., 2016). TREM2 

deficiencies have shown reduced uptake of Aβ-lipoprotein complexes, both in vitro 

and in vivo, indicating a crucial role in Aβ clearance (Y. Wang et al., 2016; Yeh et al., 

2016). The TREM2-apoE axis likely plays a significant role in the microglial clearance 

of various extracellular and cellular debris, which is vital for minimizing collateral neu-

ronal damage in neurodegenerative diseases. In my thesis work, amyloid plaque load 

was reduced after 2E treatment, with less plaque formation and relocation of amyloid 

deposits in different AD mouse models.  

Under normal conditions, microglia are highly vigilant cells in the brain, continuously 

extending and retracting their processes to monitor the environment (Nimmerjahn et 

al., 2005). However, when β-amyloid accumulates in brain, a hallmark of AD, the ac-

tivity of these microglial processes diminishes. They tend to form enduring associa-

tions with amyloid plaques, and proteins like TREM2, DAP12, and phosphotyrosine 

accumulate in elevated levels in these areas (Condello et al., 2015; Yuan et al., 2016). 

Microglia deficient in TREM2 are impaired: they neither cluster around nor proliferate 

near the plaques, lack characteristic morphological alterations typically seen upon ac-

tivation, and demonstrate increased cell death (Jay et al., 2015; Mazaheri et al., 2017). 

Furthermore, TREM2 absence leads to a notable reduction in the microglial gene ex-

pression changes triggered by amyloid, emphasizing the crucial role of TREM2 in mi-

croglial reactions to amyloid presence (Keren-Shaul et al., 2017; Y. Wang et al., 2015). 

Recent studies suggest that microglia encase amyloid deposits, compacting the fibrils 

into denser, less potentially harmful forms, thus inhibiting additional Aβ accumulation 

on existing plaques and reducing harm to adjacent neuronal structures (Condello et 

al., 2015). The integrated outcomes of TREM2 research illuminate the diverse mech-

anisms through which microglia could impede the accumulation of toxic Aβ species 

and the progression of AD. These include the uptake and clearance of soluble Aβ 
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species, the phagocytosis of insoluble Aβ fibrils, the initiation of activation and directed 

movement towards plaques, and the encapsulation and compression of amyloid 

plaques. 

To study the diverse functional states of microglia, which can change throughout the 

progression of AD or might coexist at certain disease stage, is crucial for understand-

ing their contribution to neurodegeneration. Recent single-cell RNA-sequencing stud-

ies on microglia in AD, have indicated marked changes in gene expression (Keren-

Shaul et al., 2017; Orre et al., 2014; K. Srinivasan et al., 2016). These studies highlight 

the development of a disease-associated microglial (DAM) state characterized by a 

notable reduction in the expression of "homeostatic" genes like Cx3cr1, P2ry12, and 

Tmem119 and an increase in "neurodegeneration" genes such as Apoe, Axl, Csf1, 

Clec7a, Cst7, Igf1, Itgax/CD11c, Lilrb4, Lpl, and many major histocompatibility com-

plex class II (MHC-II) genes. When checking activated microglia with single-cell RNA-

sequencing, there are slight increases in Trem2 and Tyrobp mRNA expression 

(Kamphuis et al., 2016; Keren-Shaul et al., 2017; Yin et al., 2017). Significantly, as 

amyloidosis progresses, the prevalence of DAM cells increases. These DAM cells, 

located near amyloid plaques, are known to exhibit Aβ uptake. Computational analysis 

of DAM genes reveals key insights into vital pathways such as lysosomal activity, 

phagocytosis, lipid metabolism, and immune response, thus enhancing our under-

standing of microglia's function in the progression of AD. 

In my thesis work, RNA-sequencing showed that the 5XFAD mice exhibited increased 

expression of numerous genes related to immune responses, inflammation, and the 

activation of microglia and astrocytes. This aligns with prior RNA-seq research on AD 

mouse models (Keren-Shaul et al., 2017; K. Srinivasan et al., 2016). A principal com-

ponent analysis highlighted that the key genes differentiating WT and 5XFAD mice 

included various lysosomal genes (Ctss, Ctsb, Ctsd, Cd68) and genes indicative of 

microglial and astrocytic activation (Trem2, Apoe, Gfap, Serpina3n) (Figure 28A, C). 

These findings were further supported by our functional analysis (Figure. 29A). Nota-

bly, gene alterations following treatment with the 2E peptide predominantly correlated 

with neuronal activity and behavior (Crym, Cpne7, Scn4b, Rasd2, Grp, Cplx1, Pvalb), 

consistent with the behavioral improvements observed in the 2E-treated 5XFAD mice 

(Figure 28B, D). Additionally, 2E-treated mice showed enhanced enrichment of gene 

sets associated with myeloid activation, extracellular matrix remodeling, phagocytosis, 
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and lysosomal function, suggesting more efficient amyloid processing by phagocytic 

glia and a normalization of neuronal activity (Figure 29B). For further validation, we 

observed an increase in microglial activation following 2E treatment, as indicated by 

Iba1 staining, similar to the trends seen with peri-plaque microglia numbers (Figure 

34), while not altering the increased microglial proliferation found in 5XFAD mice (Fig-

ure 36). The phagocytic activity of microglia was also heightened post 2E treatment 

(Figure 37).  

5.3 Responses of astrocytes 

The role of astrocytes in AD has become a focal point in recent research due to their 

involvement in the disease’s pathophysiological mechanisms (Arranz & De Strooper, 

2019; Garwood et al., 2017). Contemporary studies have highlighted astrocytes' roles 

in neuroinflammation and oxidative stress related to AD (González-Reyes et al., 2017), 

the complex nature of astrocyte responses in the disease’s pathology (Chun & Lee, 

2018), their interactions with amyloid (Frost & Li, 2017), and the crucial interactions 

between astrocytes and neurons in AD (Ibrahim et al., 2020; Nanclares et al., 2021). 

Various astrocytic functions, such as calcium signaling, glutamate clearance, potas-

sium regulation in the extracellular environment, and energy metabolism, are disrupted 

in AD (Acosta et al., 2017). Astrocytes in AD also display a diverse range of phenotypic 

changes, underscoring their cellular heterogeneity in the disease (Monterey et al., 

2021). Studies using AD mouse models have revealed that astrocytes, drawn to chem-

okines like monocyte chemoattractant protein-1 (MCP-1) in Aβ plaques, migrate to 

these plaques, absorb, and break down amyloid peptides  (Pihlaja et al., 2008; Wyss-

Coray et al., 2003). Alongside microglia, astrocytes significantly contribute to the en-

hanced neuroinflammatory response observed in AD (Singh, 2022). This growing body 

of evidence highlights the crucial role of astrocytes in AD, underscoring the importance 

of further exploring AD pathogenesis that involves glial cells. Such insights may lead 

to the discovery of astrocyte-specific biomarkers for AD (Carter et al., 2019) and the 

creation of new AD treatments that target astrocytic mechanisms and functions (Fak-

houry, 2018; Uddin & Lim, 2022). The therapeutic potential of astrocytes in AD, par-

ticularly due to their roles in cellular aging, neuroinflammation, neurotrophic factor re-

lease, and Aβ clearance, has been extensively studied (Pekny & Nilsson, 2005; 

Valenza et al., 2021). 
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We found that more peri-plaque astrocytes were found in the 2E group, which indi-

cated the activation of astrocytes (Figure 34). There was a clear trend towards ele-

vated total GFAP protein expression in the brains post-2E treatment (Figure 35A). We 

then investigated the expression of gene signatures of astrocytes and microglia from 

published scRNA-Seq studies of amyloid models, encompassing disease-associated 

astrocytes (DAA) and disease-associated microglia (DAM). The 2E-treated 5XFAD 

mice demonstrated a more pronounced enrichment of the DAA signature than their 

saline-treated counterparts, while the DAM gene set expression showed similar en-

richment scores for 2E-treated and saline-treated groups (Figure 25B). Concordantly, 

elevated expression of reactive astrocyte markers Gfap and Serpina3n was observed 

in 2E-treated mice relative to the saline-treated 5XFAD group (Figure 25C).  

The mechanisms through which the 2E peptide influences astrocytes in AD are not 

fully elucidated, but our study might suggest that activated astrocytes could interupt 

amyloid peptide aggregation and clearance. Astrocytes can directly break down Aβ42, 

the form of Aβ most prone to aggregation and plaque formation (Wyss-Coray et al., 

2003). Moreover, astrocytes secrete ApoE, which plays a critical role in lipid metabo-

lism and also in the degradation of Aβ. Future experiments will have to address the 

mechanistic possibility that 2E treatment promotes ApoE secretion from astrocytes. 

Through the secretion of ApoE, astrocytes enhance the breakdown of Aβ (Castellano 

et al., 2011). In addition, astrocytes help in transporting Aβ from the brain to the blood-

stream, primarily through the glymphatic system and perivascular drainage pathways 

(Iliff et al., 2012; Tarasoff-Conway et al., 2015). These pathways facilitate the clear-

ance of waste from the central nervous system (CNS), including Aβ. The suppression 

of astrocyte activation has been associated with accelerated plaque development in 

AD mouse models, suggesting that active astrocytes play a protective role in the brain 

(Kraft et al., 2013). When astrocyte activation is reduced, the efficiency of Aβ clear-

ance is likely impaired, leading to faster plaque accumulation, a hallmark of AD pa-

thology linked to neurodegeneration and cognitive decline. In conclusion, our research 

underscores the pivotal role of glial cells activation in AD progression. The changes 

observed in the gene expression and functionality of astrocytes, particularly in re-

sponse to treatments like the 2E peptide, could be crucial in mitigating AD progression. 

These findings open avenues for potential therapeutic strategies targeting astrocyte 
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activation and their Aβ clearance capabilities, offering hope for slowing down or pre-

venting the progression of AD. 

5.4 RNA-seq with PFA-fixed tissue 

RNA-seq with PFA-fixed tissue presents unique challenges that hinder the direct use 

of high-throughput sequencing technologies. PFA fixation, a conventional method for 

preserving tissue morphology for microscopy, involves cross-linking proteins and nu-

cleic acids (Hoffman et al., 2015; M. Srinivasan et al., 2002). While this process stabi-

lizes tissue structure, it also conceals RNA, complicating its extraction and subsequent 

sequencing. The cross-linking renders RNA less accessible for reverse transcription, 

an essential step in RNA-seq workflows, and can fragment RNA and introduce modi-

fications that interfere with cDNA synthesis and amplification. 

Recent studies have successfully integrated scRNA-seq with PFA-fixed cells, over-

coming the common issue of RNA degradation in archived or hard-to-preserve sam-

ples at the single-cell level (Phan et al., 2021; Thomsen et al., 2016). These methods 

have exposed significant heterogeneity in human radial glial cells and tumor cells, 

identifying various subpopulations through distinct gene expression profiles. However, 

these approaches have limitations with more degraded samples, such as PFA-fixed 

and sectioned tissues on coverslips. 

To address this, we have developed a novel method that applies proteinase K to digest 

proteins and reverse the PFA-induced cross-links in RNA, thereby freeing the RNA. 

We then use oligo dT25 magnetic beads to selectively isolate polyA+ mRNA from the 

liberated RNA pool. This method avoids the potential RNA damage from laser captur-

ing target regions, which can cause high temperatures (Ong et al., 2020), by micro-

dissecting tissue visually under a microscope. Remarkably, we successfully isolated 

target tissues, including the cortex, hippocampus, and brain stem, as shown in our 

results (Figure 23A), and visually confirmed the precipitate in a tube (Figure 23B). 

Employing Smart-seq2 allowed us to detect picogram levels of mRNA from the sam-

ples, making them qualified for RNA-seq (Picelli et al., 2013). Quality checks of RNA-

sequencing data showed no effect of tissue region (Figure 26), indicating the estab-

lishment of a sensitive and novel method. Current projects are expanding this method 

to various tissues and cells, such as brain slides, liver, heart, certain cell layers of the 
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aorta, and cell cultures, highlighting its potential to enhance research on fixed human 

tissue slides in the future. 

5.5 Preclinical randomized controlled trial 

In the past few decades, enhanced understanding the pathophysiological mechanisms 

of ischemic stroke and neurodegeneration has led to numerous experimental studies. 

Despite many compounds showing promise in neuroprotection, a comprehensive re-

view indicated that none of the more than 49 agents tested in clinical trials successfully 

transitioned from lab to clinical use (Kidwell et al., 2001). A similar situation exists in 

the development and validation of AD drugs. Since 2003, the success rate of AD treat-

ment clinical trials has been around 2%, including aducanumab (Kim et al., 2022). This 

low success rate is attributed to several common issues in these trials, underscoring 

the complexity of AD as a disease. It’s crucial to understand why AD clinical trials often 

fail and how to address these failures to pave the way for future clinical trials. Three 

key reasons contribute to the high failure rate in AD clinical trials, alongside possible 

solutions. Firstly, recruiting suitable participants is challenging, especially when enrol-

ling elderly dementia patients, as it involves their entire families. The lengthy and com-

plex evaluation period for trial eligibility further complicates patient enrollment. Sec-

ondly, many issues stem from the design of Alzheimer’s clinical trials, such as inap-

propriate primary clinical outcome measures, inadequate consideration of potential AD 

subtypes, and late-stage therapeutic interventions. Lastly, the overemphasis on treat-

ments targeting amyloid protein, yielding only modest success, has been a major is-

sue. At least five other causes of neurodegeneration which includes neuroinflamma-

tion, mitochondrial dysfunction, lysosomal dysfunction, insulin resistance, and lipid ab-

normalities - play roles in AD, often in conjunction with amyloid. Amyloid is only part 

of the problem, not the entirety of it. 

The preclinical randomized multicenter trial (pRCT) was developed to address some 

of these limitations in preclinical studies (Llovera et al., 2015). This approach, mirroring 

randomized, controlled clinical trials, bridges the gap between animal research and 

clinical trials. The study evaluated an anti-CD49d antibody, known for its anti-inflam-

matory properties, in stroke model models. With a meticulous design for statistical 

analysis and reporting, this method could improve the preclinical efficacy assessment 
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before progressing to expensive clinical trials. This study is notable for two major rea-

sons: it involved multiple research centers working together to detail the anatomical 

differences in stroke models, and it found that the anti-CD49d antibody reduced infarct 

volume only in the permanent occlusion model, suggesting a stronger inflammatory 

process in this model (Llovera et al., 2015). While it’s uncertain if this approach will 

improve the translation of preclinical stroke studies, it reduces variability and enhances 

drug effect characterization. Different animal models provide further information for 

clinical trial planning, such as selecting patients based on their responsiveness to the 

tested drug, thereby improving the translational process.  

In our study, we tested the 2E peptide in two AD mouse models, using both genders 

of mice, through i.p. and intracerebroventricular injections, conducted by two groups 

of researchers blinded to the grouping. We examined amyloid pathology at various 

time points post-treatment, together with behavioral tests of neurological deficits. 

While this wasn’t a standard pRCT conducted across multiple centers, we managed 

to achieve relatively comprehensive results on the 2E peptide's effects in different AD 

mouse models. Further research is required to decipher AD's underlying mechanisms 

and develop new preclinical strategies and animal models for improved translational 

support. Techniques like amyloid-PET in preclinical mouse models could offer more 

accurate amyloid pathology assessments and enable longitudinal studies of brain 

damage in living animals (Chapleau et al., 2022). This method could validate or en-

hance histological findings using fewer animals and correlate amyloid pathology with 

neurological deficits. Such methodologies could also be beneficial in clinical trials, en-

hancing the translation process. Future pRCT studies should utilize the expertise and 

technologies of varied research groups and adopt this integrated approach. 

5.6 Limitations 

This study, while providing valuable insights, has several limitations that necessitate 

further experimental validation to strengthen the presented notions and conclusions. 

To evaluate the impact of 2E peptides more comprehensively, additional AD mouse 

models, such as APPPS1, should be employed (Radde et al., 2006). These models 

will help in better understanding the broad spectrum of 2E peptides' effects across 

various genetic backgrounds and stages of the disease. A crucial aspect of future re-

search will be to administer short-term, high-dose 2E peptide treatments to advanced-



 

 

 

91 

stage AD mouse models. This approach is essential to assess the therapeutic poten-

tial of 2E peptides in later stages of AD progression, where neurodegenerative 

changes are more pronounced. 

Moreover, the development of more sophisticated and reliable techniques for detect-

ing 2E peptides in the brain is critical. Mass spectrometry, for instance, could provide 

a more precise measurement of 2E peptide concentrations and distribution, thereby 

confirming its ability to cross the BBB and its bioavailability within the CNS. In parallel, 

the use of amyloid-PET imaging represents an unbiased and sensitive method for as-

sessing alterations in amyloid pathology within the brains of AD mouse models 

(Chapleau et al., 2022). This imaging technique will enable a more accurate visualiza-

tion and quantification of amyloid deposits, offering a clearer understanding of how 2E 

peptides influence amyloid pathology. Furthermore, comprehensive pharmacokinetic 

and toxicity testing of the 2E peptides is imperative before any transition to clinical 

trials. These tests are crucial to ensure the safety and tolerability of the peptides in 

biological systems, particularly given the complexity and sensitivity of neurodegener-

ative diseases like AD. 

In pursuit of these goals, a series of mechanistic follow-up experiments are already 

undergoing. These experiments are designed to delve deeper into the molecular path-

ways and cellular interactions influenced by 2E peptides, thus shedding light on the 

underlying mechanisms driving their observed effects. By addressing these aspects, 

the research will move closer to translating these findings from bench to bedside, of-

fering hope for more effective therapeutic strategies in the battle against AD.  

5.7 Potential future directions     

The encouraging outcomes from our study with the macrocyclic peptide-based inhibi-

tor 2E in AD mouse models pave the way for several vital research directions.  Explor-

ing the possibility of combining 2E with other AD treatments, such as anti-amyloid 

antibodies or neuroprotective agents, could lead to more potent, multi-faceted thera-

peutic strategies. This combined approach might address various facets of AD pathol-

ogy more effectively. Developing biomarkers to predict responses to 2E treatment is 

another key research avenue. Predictive biomarkers could facilitate personalized 
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treatment approaches in AD, enabling therapies to be tailored to individual patient pro-

files. Given that protein aggregation is a common feature in various neurodegenerative 

diseases, it’s worthwhile to explore the potential application of 2E in other conditions, 

such as PD, Huntington's disease, and ALS. For 2E’s clinical application, scaling up 

its synthesis and optimization is imperative. This involves creating cost-effective pro-

duction methods, ensuring stringent quality control, and establishing reliable storage 

and delivery systems. Finally, understanding 2E’s economic impact, accessibility, and 

potential to improve patient quality of life will be significant for its widespread adoption 

and integration into healthcare policies. By following such research pathways in the 

future, one can build on the foundational findings of this current study. 
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6. Summary 
In my PhD thesis, I have explored the therapeutic potential of the macrocyclic peptide-

based inhibitor, 2E, in the context of AD. The research, combining biochemical and 

behavioral methodologies, has successfully demonstrated that 2E markedly reduces 

Aβ accumulation in the brains of 5XFAD aged 4 and 6 months. This reduction in Aβ 

accumulation, a key pathological hallmark of AD, is further complemented by a signif-

icant alteration in the Aβ42 to Aβ40 ratio in both plasma and cerebrospinal fluid (CSF). 

Notably, 2E administration resulted in a decrease in Aβ42 levels while simultaneously 

increasing Aβ40 levels, suggesting a therapeutic modulation of amyloidogenic pro-

cesses. The findings also revealed a profound shift in amyloid deposition patterns in 

two AD mouse models upon 2E treatment. Through a novel anti-2E monoclonal anti-

body, we confirmed the ability of 2E to partition into the brain, a critical factor for its 

efficacy in AD treatment. Functionally, 2E has shown promising results by alleviating 

learning and memory deficits in 5XFAD mice, without inducing changes in anxiety lev-

els, thereby indicating its neuroprotective effects. This is further supported by RNA-

seq analysis, which validated the AD mouse model and highlighted changes in gene 

expression related to AD pathology post-2E treatment. The study also delved into the 

impact of 2E treatment on glial cell dynamics, notably observing an activation of as-

trocytes.  

Overall, the work undertaken in this thesis underscores that 2E, initially identified for 

its in vitro inhibition of Aβ self-assembly, also exhibits significant anti-amyloid activity 

in vivo, and could thus be a candidate for AD therapy. Its ability to enter the brain, 

modulate amyloid deposition, and enhance cognitive function positions 2E as an al-

ternative AD treatment strategy, complementing antibody-based approaches, espe-

cially in targeting early amyloidogenic events and facilitating astrocytic clearance. Fu-

ture therapeutic approaches combining 2E with anti-amyloid antibodies could thus 

pave the way for more effective clinical outcomes, potentially also offering cost bene-

fits and reducing side effects. Our study sets the stage for further research, potentially 

even clinical trials, to explore the full potential of 2E as a novel treatment for AD. 
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