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Abstract

Alzheimer’s disease (AD) is a debilitating neurodegenerative disorder affecting over 5 million 

people globally and has no established cure. Current AD-related treatments only alleviate 

cognitive and behavioral symptoms and do not address disease onset or progression, underlining 

the unmet need to create an effective, innovative AD therapeutic. Extracellular vesicles (EVs) 

have emerged as a new class of nanotherapeutics. These secreted, lipid-bound cellular signaling 

carriers show promise for potential clinical applications for neurodegenerative diseases like AD. 

Additionally, analyzing contents and characteristics of patient-derived EVs may address the unmet 

need for earlier AD diagnostic techniques, informing physicians of altered genetic expression or 

cellular communications specific to healthy and diseased physiological states. There are numerous 
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recent advances in regenerative medicine using EVs and include bioengineering perspectives to 

modify EVs, target glial cells in neurodegenerative diseases like AD, and potentially use EVs to 

diagnose and treat AD earlier.

Graphical Abstract

Extracellular vesicles (EVs) are a promising application for targeted molecule delivery. EVs can 

be engineered to target glial cells, address dysfunctional processes involved in Alzheimer’s disease 

(AD) progression, and function as informative biomarkers for earlier diagnosis to solve the unmet 

needs of an effective AD therapy and novel diagnostic method.
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder that affects 5.8 million people 

globally and accounts for 80% of all dementia cases (Weller & Budson, 2018). The medical 

expenditures associated with Alzheimer’s disease in the United States are predicted to 

increase from $305 billion in 2020 to more than $1 trillion in 2050 (Marasco, 2020). 

Currently, there is no treatment to halt the progression of AD and no systemic biomarkers 

for early diagnosis of AD (Villar-Vesga et al., 2020). Early detection and intervention of 

Alzheimer’s disease is key in prevention, lowering the economic burden, and improving 

patient quality of life.

The hallmark pathological features of AD include increased levels of amyloid-β (Aβ) 

peptide and hyperphosphorylated tau protein (Dubois et al., 2016). However, there may be 

a complex interplay of other molecular mechanisms including neurofibrillary tangle (NFT) 

formation, neurovascular obstruction, astrocyte activation, neuroinflammation, neuronal and 

glial cell death, and a disrupted blood-brain barrier (BBB) (Y. Liu, Huber, & Wang, 2020; 

Reza-Zaldivar et al., 2018). Additionally, the presence of Aβ and Tau proteins activates 

microglia, resident macrophages in the brain, which cannot efficiently clear toxic proteins 

and dead cells as the disease progresses. This disables the glial cells’ homeostatic functions 

Lazar et al. Page 2

WIREs Mech Dis. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and promotes free radical production and pro-inflammatory factor secretion (Hemonnot, 

Hua, Ulmann, & Hirbec, 2019). This combined effect leads to widespread neuronal cell 

death and brain atrophy.

Approaches to diagnose AD are focused on the dementia stage of the disease when patients 

have developed cognitive impairments (Crous-Bou, Minguillon, Gramunt, & Molinuevo, 

2017). This diagnosis involves taking an extensive psychiatric history, conducting cognitive 

tests, and performing physical neurological exams on the patient. Finally, there are brain 

imaging techniques that can confirm an Alzheimer’s diagnosis that rely on the presence of 

Aβ plaques or hyperphosphorylated tau protein (Martinez et al., 2017; Weller & Budson, 

2018). However, amyloidosis, the buildup of amyloid protein, is not present in all patients 

in preclinical stages of AD and is not the best criteria in early diagnosis of AD (Bondi, 

Edmonds, & Salmon, 2017).

As of 2021, there is no reliable, effective treatment that prevents or slows neuronal cell death 

associated with AD. With this progressive neuron degeneration, patients of late-onset AD 

experience depression, memory loss, disturbed gait, rigidity, and muscle jerks among other 

symptoms (Bature, Guinn, Pang, & Pappas, 2017). Only five drugs were approved by the 

US Food and Drug Administration (FDA) for the treatment of AD to alleviate the cognitive 

and behavioral symptoms, but they fail to slow or stop disease progression (Abeysinghe, 

Deshapriya, & Udawatte, 2020). In June 2021, a sixth drug was approved by the FDA after 

nearly 20 years since the last approval. There remains an unmet need for an FDA approved 

innovative diagnostic to detect AD earlier and a therapeutic that can directly address disease 

pathology.

Extracellular vesicles (EVs) are 30–150 nm lipid membrane bound vesicles involved in 

intercellular signaling that are secreted by all cells and carry many proteins, lipids, nucleic 

acids, mRNA and miRNA cargo of the cells from which they are derived (Kalluri & 

LeBleu, 2020; Villar-Vesga et al., 2020; Xian et al., 2019). Analyzing EV content is a 

diagnostic route to gain information about the cellular signaling in diseased states (Figure 

1A). In addition to collecting patient derived EVs for diagnosis, lab-generated EVs such as 

synthetic EVs or modified cell-secreted EVs can be used to target and ameliorate numerous 

AD-related physiological symptoms, slowing or even stopping disease progression as a 

treatment method (Figure 1B).

The growing field of EV engineering has made numerous advances in EV modification 

techniques, turning them into effective, cell-free treatments in vitro and in vivo. EVs readily 

cross the blood brain barrier, can be modified to present desired surface molecules and 

carry internal cargo, highlighting their potential as a therapeutic tool for Alzheimer’s disease 

(Kalluri & LeBleu, 2020). EVs can be engineered to potentially target glial cells, address 

dysfunctional cellular processes involved in AD progression, and function as informative 

biomarkers for earlier diagnosis.
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2. Alzheimer’s Disease (AD) Pathology

The tissue-based pathological hallmark of AD is the deposition of extracellular, insoluble 

Aβ plaques in the white matter of patients’ brains. However, the sole presence of Aβ 
plaques is not sufficient for the development of dementia, and cellular changes to neurons 

characteristic of AD pathology precede Aβ plaque deposition (Walsh & Selkoe, 2020).

There are several hypotheses to the cause of AD onset, including amyloid and 

tau propagation, neuroinflammation, and neurovascular hypotheses. The amyloid and 

tau propagation hypotheses implicate amyloid-β deposition and the accumulation of 

neurofibrillary tangles (NFTs) containing hyperphosphorylated tau protein, respectively, as 

causes of neuronal death (P. P. Liu, Xie, Meng, & Kang, 2019). The neuroinflammation 

hypothesis emphasizes the inflammatory factors released by activated microglia and 

astrocytes in AD brains will lead to neurodegeneration. Finally, the neurovascular hypothesis 

proposes the damaged cerebral microvasculature found in AD brains leads to brain 

hypoperfusion and hypoxia (P. P. Liu et al., 2019). The consensus from prior research on AD 

is that its pathological complexity prevents any one hypothesis from completely describing 

its underlying mechanisms.

Understanding gene regulation, intra- and extracellular genomes, proteomes, and secretomes 

associated with cells and EVs is essential to defining diseased and healthy physiological 

states. It is necessary to investigate the related disease-relevant molecular pathways to 

interpret the significance of disease biomarker presence in biological fluids and tissues 

(Croese & Furlan, 2018). For example, AD has multiple proteinaceous and nucleic acid 

biomarkers associated with its diseased state.

Postmortem human AD patient brains have shown significant degeneration of microglia 

(Navarro et al., 2018) and astrocyte senescence (Han, Zhang, Liu, Mi, & Gou, 2020). 

Astrocytes are the most abundant cells in the brain and are primarily involved in CNS 

development, homeostasis, and support. Importantly, astrocytes are also activated in 

response to insult or injury to the brain. Astrogliosis, also known as astrocyte activation, 

typically results in increased neuroprotection and trophic support for neurons, isolates 

damaged tissue via glial scar formation, and contributes to tissue regeneration and BBB 

reconstruction (Rodriguez-Arellano, Parpura, Zorec, & Verkhratsky, 2016). In AD brains, 

astrocyte dysfunction results in a neurotoxic environment by promoting secondary apoptosis 

in neighboring cells including neurons. Also, AD astrocytes upregulate expression of 

GFAP, IL-1 family cytokines, and other inflammatory signals, leading to widespread 

neuroinflammation (Cui et al., 2019; Park et al., 2018; Reza-Zaldivar et al., 2018). Activated 

astrocytes have been found to surround senile plaques and NFTs, which are often located 

near brain vasculature (Kaur, Sharma, & Deshmukh, 2019). Widespread astrocyte apoptosis 

could act in concert with the aberrant reactivity of astrocytes and microglia associated with 

AD to exacerbate disease progression.

Microglia, the brain’s resident immune cells, are antigen-presenting cells that play important 

roles in CNS development, pathogen response, and tissue maintenance (Aguzzi, Barres, 

& Bennett, 2013). Under normal conditions, astrocyte and microglial activation maintains 
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homeostasis by clearing Aβ plaques and phagocytosing debris to promote neuron survival. 

However, sustained microglial activation leads to the overexpression of inflammatory 

cytokines such as IL-1β and TNFα, which lead to cell degeneration, so the microglia 

and astrocytes can no longer clear plaques or fight neuroinflammation (Kaur et al., 2019). 

In particular, microglia fail to clear Aβ plaques and are suspected to secrete excessive 

and cytotoxic cytokines, reactive oxidative species, and degradative enzymes (Efthymiou & 

Goate, 2017; Keren-Shaul et al., 2017; Lue, Beach, & Walker, 2019).

As a secreted product of microglia known to play a role in many CNS pathways, microglia-

derived EVs have been shown to play a role in propagating AD pathology. Microglia in 

AD brains internalize Aβ and traffic it in EVs for secretion, which promotes formation of 

soluble Aβ from the extracellular insoluble Aβ42 in plaques (Joshi et al., 2014). Elevated 

levels of soluble Aβ have been shown to impair synaptic plasticity and produce memory 

deficits in AD (Baruch et al., 2015). In contrast, microglia EVs in healthy brains attenuate 

neuron apoptosis, reduce Aβ levels, and regulate neuroinflammatory responses (Murgoci et 

al., 2018; Y. Song et al., 2019). These studies highlight how EVs are different in cells from 

disease states as compared to cells from healthy states.

Glial cell-derived EVs have also been shown to interact with neurons and promote the 

processing of APP in order to alleviate downstream inflammatory effects. In particular, 

astrocyte EVs were found to deliver a kinase CK1 to neurons through their secreted EVs 

in order to promote the processing of APP for increased Aβ deposition (Li et al., 2020). 

For AD specifically, astrocytes from AD patients and an AD mouse model demonstrated 

an ability to increase astrocyte reactivity and damage vasculature through secreted EVs 

(Gonzalez-Molina et al., 2021).

From our current understanding of AD pathology, it is becoming increasingly evident 

that EVs can be engineered to potentially target glial cells, address dysfunctional cellular 

processes involved in AD progression, and function as informative biomarkers for earlier 

diagnosis.

3. AD Diagnostics

3.1 Current AD diagnostics

In clinical practice today, both non-invasive imaging techniques and more invasive 

cerebrospinal fluid (CSF) examinations are used to diagnose AD (Weller & Budson, 2018). 

A common non-invasive technique is cerebral positron emission tomography (PET) scan 

with 18F-Florbetapir (Martinez et al., 2017). Florbetapir-PET imaging correlates with the 

presence and density of Aβ at autopsy, can diagnose AD with 96% sensitivity and 100% 

specificity, and is a robust tool for non-invasive testing during a patient’s lifetime (Carswell 

et al., 2018). However, measuring levels of protein amyloidosis through 18F-Florbetapir is 

not a reliable method to diagnose preclinical AD, a stage where amyloidosis may not be 

present (Edmonds et al., 2015). A study conducted at UC San Diego’s Neuroscience institute 

found that 24.2% of the 570 participants showed evidence of neurodegeneration but did not 

show any evidence of amyloidosis (Edmonds et al., 2015). Some of the participants also 

showed neurodegeneration first, later followed by amyloidosis. These findings suggest that 
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the traditional imaging techniques that rely on amyloidosis to diagnose AD will not always 

be effective in preclinical stages of AD (Knopman et al., 2013).

A more invasive but affordable technique used to diagnose AD in clinical practice 

is withdrawing CSF from the patient, which is measured for the levels of Aβ42, 

hyperphosphorylated tau and total tau protein content (Weller & Budson, 2018). A 

comparison study between the PET-scan and CSF withdrawal concluded that there were 

no differences between the best PET and CSF measurements and no improvement when 

combining them (Palmqvist et al., 2015). This indicates that although either test can be used 

to aid the diagnosis of Alzheimer’s disease, neither is better at diagnosing and combining 

them does not improve early AD detection (Palmqvist et al., 2015).

Examining levels of protein aggregation with CSF and PET imaging do not reliably provide 

enough information to understand disease progression and the rate of cognitive decline in 

AD (Franzmeier et al., 2020). Although protein aggregation detection assists in diagnosing 

AD, analyzing EVs may provide a more holistic understanding of diseased cells. For 

example, EVs analyzed from postmortem blood and brain samples of AD patients were 

associated with BBB disruption, astrocyte hyperactivation, neuronal death and calcium 

dysregulation (Villar-Vesga et al., 2020). Analysis of these EVs revealed proteins involved in 

functions such as complement activation and blood coagulation (Villar-Vesga et al., 2020). 

Although EV diagnosing is in early stages of research, the amount of information that 

can be gathered with patient derived EVs is immensely important for further discovery 

in Alzheimer’s Disease. There is an urgent need for diagnosing patients earlier in life to 

prevent symptom onset (Dubois et al., 2016). However, advancements in diagnosis and 

AD treatment must develop in parallel because if early diagnosis becomes reliable and 

established, there may not be a suitable treatment method to complement it.

3.1 Extracellular Vesicles (EVs) as AD Diagnostic Biomarkers

EVs are 30–150nm lipid membrane-bound vesicles that are secreted by all cell types 

(Kalluri & LeBleu, 2020). A growing body of research supports EVs as potent downstream 

effectors and cellular signaling conveyors because they consist of the native cell’s plasma 

membrane. EVs can attach to target cells and be internalized to deliver EV cargo, modifying 

the target cell’s behavior. Formed by the inward budding of lipid membranes, EVs are 

bound by lipid bilayers and can be shuttled around the cell or secreted extracellularly, 

communicating targeting destinations via docking proteins such as Rabs, tetraspanins, 

intracellular adhesion molecules, ceramides, and SNAREs (M. Guo, Yin, Chen, & Lei, 

2020).

EVs carry various cargos, such as proteins and functional miRNAs, and exhibit surface 

markers that can be delivered to and aid in targeting to specific cells, respectively. EVs drive 

many biological pathways such as immune response modulation and gene expression via 

intercellular transfer of RNA (Conlan, Pisano, Oliveira, Ferrari, & Mendes Pinto, 2017).

Many teams have found EV-associated proteins in AD patient autopsies and serum, plasmid, 

and CSF biopsies. It is established that EVs carry Aβ and tau and are thought to spread 

and exacerbate plaque and NFT formation. Additionally, other EV-associated proteins like 
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flotillin have been detected in amyloid-β plaques in AD brains (Efthalia Angelopoulou, 

2020). Furthermore, a recent study analyzing EVs from the CSF of AD patients noted that 

levels of three proteins (HSPA1A, NPEPPS and PTGFRN) were significantly increased in 

patients with AD compared to control patients and patients with mild cognitive impairment 

(MCI) (Muraoka et al., 2020). HSPA1A is a major heat shock protein that prevents 

environmental stress by preventing tau aggregation, NPEPPS is a protein that is known 

to protect against tau-induced neurodegeneration, and PTGFRN plays a major role in the 

gamma secretase complex. Overall, the increased level of these proteins in patient CSF EVs 

was associated with disease progression (Muraoka et al., 2020).

EVs carry proteins and present surface markers that may serve as diagnostic tools for the 

other hypotheses of AD, such as the inflammatory and vascular hypotheses, aside from 

amyloidosis (Figure 1A). However, this theory has yet to be solidified and standardized 

with widespread data collection. Unique biomarkers are needed to diagnose Alzheimer’s 

in different stages. EVs specific to AD can be beneficial to track AD progression. Since 

neurodegenerative diseases often result from the alteration of cellular pathways, miRNAs 

may play a regulatory role in AD inception and progression. Researchers have already 

found biomarkers co-localizing with EVs from AD patients, who seem to have lower EV 

miR-193b levels, among numerous other disease markers found in the CSF and serum (C. 

G. Liu, Song, Zhang, & Wang, 2014). Recently, a study has found significantly increased 

levels of miR-23a-3p, miR-223-3p, miR-190a-5p, which are involved in regulating cell 

proliferation, tumorigenesis, and hypoxic responses, and decreased levels of miR-100-3p, 

which acts as a tumor suppressor miRNA, in Alzheimer’s patients neural-derived EVs 

(Serpente et al., 2020). These neural-derived EVs were isolated through immunopurification 

based on L1CAM or CD81 surface markers from blood plasma, the significance of which is 

discussed in the conclusion. In the future, patients with AD may be diagnosed accurately at 

all stages of the disorder using AD specific EVs.

It is established that in Alzheimer’s patients, EVs can carry Aβ and tau and are thought 

to spread and exacerbate plaque and NFT formation. Alzheimer’s related miRNA research 

is constantly expanding to reveal novel associated biomarkers for detection of AD. For 

example, downregulation of tau-regulatory miR-219 has been found to be highly conserved 

in postmortem AD brains and patients with severe primary age-related tauopathy (Santa-

Maria et al., 2015). Manna et al. provide a richly informative review of AD-related 

miRNA in modulating key processes in AD onset: Aβ accumulation, tau-dependent toxicity, 

inflammation and neuronal death (Manna et al., 2020). One recent study evaluated miRNA 

contents in CSF-EVs from sporadic AD patients with early disease onset, and observed 

altered miR-16-5p, miR-451a, miR-605-5p, and miR-125b-5p expression, which is broadly 

associated with neuronal apoptosis and proliferation. (McKeever & Agius, 2018). In plasma-

derived EVs from patients with AD, dementia, and healthy controls, multiple miRNAs 

commonly known for their roles in tumor cell invasion and proliferation were found to 

be differentially regulated in the AD patients compared to dementia patients and healthy 

controls in addition to pathological proteins including Aβ, α-syn and tau (Gamez-Valero 

et al., 2019). This study highlights the potential of EV miRNAs in discriminating between 

two similar but different neurodegenerative dementias. These miRNAs may become known 

biomarkers of AD if they are found in other AD patients.
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Although there is some inconsistency in literature, the most consistently reported EV-

associated miRNAs upregulated in AD are miR-9, -135a, -146a, -155, and miR-384, and the 

most common downregulated miRNAs in AD are miR-193b and the let-7 family (Amakiri, 

Kubosumi, Tran, & Reddy, 2019; Pluta, 2018; Yang, Liu, Gao, Zhang, & Wang, 2018). 

These upregulated miRNAs are primarily involved in Aβ regulation while down-regulated 

miRNAs contribute to oxidative stress. There may be inconsistency due to the source of the 

miRNAs, which ranged from EVs, CSF, blood, and brain tissue, potentially contributing to 

the heterogeneity of results. This adds to one of the main challenges facing EV isolations: 

heterogeneous EV populations. Of note, miR-29a and miR-520d-3p target the mRNAs for 

BACE1 and amyloid precursor protein (APP), two AD drivers in the amyloid hypothesis 

of AD (Gayen, Bhomia, Balakathiresan, & Knollmann-Ritschel, 2020). These small RNAs 

can be considered AD biomarkers and can be used as a starting point for establishing 

disease-relevant biomarkers.

3.1.1 Extracellular Vesicles and glial cells—EVs and their miRNA cargo provide 

unique biomarkers for testing the inflammation status of glial cells in neurodegenerative 

disease. For instance, when astrocytes and other glial cells are activated or shifted to their 

pro-inflammatory state, they differentially express certain miRNAs. miR-126, miR-130b, 

miR-139-5p, and miR-141-3p have been shown to be upregulated by IL-1β activated 

astrocytes and released in EVs (Gayen et al., 2020). In accordance with canonical EV 

biogenesis pathways, these activated astrocyte-derived EVs have upregulated miRNAs with 

predicted roles in apoptosis, neuroinflammatory and neurodegenerative signaling pathways. 

Of note, miR-141-3p is a serum plasma biomarker of AD and chronic inflammatory pain 

(Gayen et al., 2020). In microglia, miR-9 and miR-124 play important roles in microglial 

regulation and activation in neuroinflammation and neurodegenerative diseases (Y. Song 

et al., 2019). These two miRNAs are made by neurons and are horizontally transferred 

between neurons and microglia via EVs (Veremeyko et al., 2019). Since reactive gliosis and 

astrogliosis are common in AD brains, these miRNAs may provide information about the 

altered intercellular communications characteristic of AD related physiological states and 

serve as biomarkers.

Recent studies have identified several groups of miRNAs that serve as glial cell signatures. 

Following isolation, microglia-derived EVs were found to possess a miRNA signature of 

six vesicular miRNAs with validated neuroprotective functions (Lemaire et al., 2019). EVs 

obtained from stimulated glial cells were determined to contain altered miRNAs compared 

to pro-regenerative microglia (Prada et al., 2018). Screening found three miRNAs of interest, 

miR-146a-5p, miR-181a, and miR-223, all of which have validated dendritic targets and are 

upregulated in EVs secreted by inflammatory microglia (Prada et al., 2018). This indicates 

that glial cell-derived EVs possess certain miRNA signatures indicative of the state of their 

parent cell. Identification of altered miRNA profiles can provide important tools for the use 

of EVs as AD biomarkers.

Astrocyte-derived EVs also play a key role in the central nervous system and Alzheimer’s 

disease progression. In AD, astrocytes are known to engulf a significant portion of 

aggregated protein like Aβ42 protofibrils and release these proteins in their EVs, causing 

severe toxicity in nearby neurons (Upadhya, Zingg, Shetty, & Shetty, 2020).
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In a study done by Goetzl and team, the protein composition of astrocyte-derived EVs 

(ADEVs) was analyzed in Alzheimer’s patients (Goetzl et al., 2016). AD patients had a 

higher level of BACE-1 (β-site amyloid precursor protein-cleaving enzyme 1) and sAPPβ 
(soluble amyloid precursor protein β) in their ADEVs compared to control samples. These 

ADEVs from AD patients also had a lower level of GDNF (glial-derived neurotrophic 

factor). Altered levels of proteins in astrocyte-derived EVs may directly influence neuronal 

health and drive AD progression.

EVs released from astrocytes do not contain the exact miRNA profile of astrocytes 

themselves. Astrocytes can modulate the miRNA profiles of EVs that they release to 

influence functions in other cell types. Moreover, certain miRNAs found in astrocyte-derived 

EVs have been implicated in disease states. For instance, miR-297a has been shown to be 

upregulated in post-ischemic cortex and miR-432 could be a biomarker for schizophrenia 

(Jovicic & Gitler, 2017). Overall, astrocyte-derived EVs remain an enticing platform for 

further research to find a diagnostic biomarker for Alzheimer’s disease.

3.1.2 Using extracellular vesicles as a diagnostic tool: final thoughts—EV-

associated biomarkers have potential to be used as diagnostics in the future. Patient care 

can be drastically improved and streamlined if identified biomarkers can be used to indicate 

predispositions to develop AD or other neurodegenerative diseases later in life. For example, 

a miRNA panel in patient serum or CSF samples could be used to improve early-stage 

AD diagnosis (Manna et al., 2020). Recently, the first study using single molecule array 

antibody sandwich technology found that blood phosphorylated tau levels could be used to 

predict tau and Aβ pathology and differentiate AD patients from other neurodegenerative 

disorders (Karikari et al., 2020). EV-associated biomarkers have been found in AD patient 

autopsies and serum, plasmid and CSF samples (C. G. Liu et al., 2014). However, work 

is needed to achieve a high level of biomarker knowledge and clinical significance. 

Additionally, it is imperative to identify cell type specific markers on EVs for reliable 

detection methods, diagnosis standardization, and EV isolation techniques. For example, 

one group recently found the L1CAM neuronal-derived EV marker was not associated with 

neuronal EVs (Norman et al., 2021). Although this is a single paper, the larger impact 

indicates that it will be useful for EV researchers to conduct similar studies on EVs from 

other cell types to validate their markers. This is discussed further in the conclusion section. 

Taken together, these findings support studying differential gene expression and regulatory 

networks to understand biomarker identification to determine predisposition to AD and 

neurodegenerative disease states and develop evidence-based therapies.

4. AD Therapeutics

4.1 Current AD therapeutics

Only six drugs are currently FDA-approved for the treatment of Alzheimer’s disease and no 

new drug has been approved by the FDA since 2003 with the exception of the recently 

approved drug Aducanumab (Cummings, 2021). To date, no approved drug addresses 

AD pathology, amyloid plaques, or neuroinflammation at all, and all fail to slow or 

stop disease progression. Donepezil (Aricept), galantamine (Razadyne) and rivastigmine 
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(Exelon), are cholinesterase inhibitors; they prevent the breakdown of acetylcholine, a 

neurotransmitter important for learning and memory (Yiannopoulou & Papageorgiou, 2020). 

Cholinesterase inhibitors have been effective as cognitive enhancing agents and show 

improvement for measures of cognition, global function and stabilization of activities of 

daily living as compared to placebo treatments (Cummings, 2021). However, cholinesterase 

inhibitors only benefit patients with cognitive symptoms and do not help patients with 

mild and asymptomatic forms of Alzheimer’s (Cummings, 2021). The fourth drug, 

memantine (Namenda) is an NMDA receptor antagonist that protects cells from excess 

stimulation of NMDA receptors by glutamate, preventing cell death. The fifth drug is a 

combination of donepezil and memantine and has the brand name Namzaric (Yiannopoulou 

& Papageorgiou, 2020). Lastly, accelerated approval was given to Aducanumab, which seeks 

to reduce Aβ plaques to alleviate AD-related symptoms. However, all six FDA approved 

drugs fail to address the neuropsychiatric symptoms of AD like agitation, psychosis, apathy, 

etc. and none directly target AD mechanism and progression, leaving a need for new AD 

therapeutics (Cummings, 2021).

Currently, there are 121 agents in clinical trials for AD. None of these trials include 

drug therapy for depression seen in AD patients. Of the 121 trials proposed, 80.2% are 

disease-modifying agents, 9.9% are cognitive enhancing agents and 9.9% are agents for 

neuropsychiatric symptoms (Cummings, 2021). Targeting behaviors specific to AD will be 

difficult in these clinical trials due to the absence of known symptom-specific biology for 

the neuropsychiatric symptoms of AD (Cummings, 2021). There is a need for more sensitive 

outcome measures, better trial participant characterization, and the use of biomarkers to 

improve the success of drugs in the pipeline for FDA approval (Cummings, 2021).

4.2 EV Engineering

EVs are versatile in their use and show dual promise as biomarkers for AD diagnostics and 

potential therapeutics. EVs can be easily modified or loaded with macromolecule cargo, 

both of which fall into the field of EV engineering. EVs derived from different cell types 

and loaded with cargo targeting disease-specific proteins and cells have provided therapeutic 

benefits in CNS disease and injury, including spinal cord injury, multiple sclerosis, and 

Alzheimer’s disease (Alvarez-Erviti et al., 2011; Didiot et al., 2016; S. Guo et al., 2019; Ren 

et al., 2019; Shamili et al., 2018; T. Tian et al., 2018).

4.2.1 EV modifications—EV lipid membrane bilayers can accommodate 

transmembrane proteins and lipid- or sugar-modified peptides but can also be modified 

in other newly established ways. For example, aptamers have emerged as a promising 

targeting ligand for nanodelivery. These single-stranded DNAs or RNAs fold to create 3D 

structures that can be attached to ligands on EV surfaces. Once the EVs arrive at their target 

location, they can either get undergo endocytosis or purely interact with a surface receptor 

and induce a response in the cell. Future EV therapeutics for neurodegenerative diseases like 

AD may employ aptamers as surface markers or payloads to improve targeting or effective 

cellular signaling. Though EVs often bear some markers of their parent cell, they typically 

carry EV-specific surface proteins and cargo (Z. Song et al., 2020). Harnessing common 

EV biomarkers, such as transmembrane proteins, may provide a platform to conjugate 
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functional ligands or molecules that have high affinity to target cell surface markers (Figure 

1). Table 1 addresses several studies that used modified EV surfaces to increase therapeutic 

efficacy. To address AD physiology at the cellular level, it will be advantageous to leverage 

bioengineered surface ligands to home directly to astrocytes and other glia.

As many past clinical trials have used more broad, nonspecific treatments to alleviate 

symptoms of AD with little success, more focus has been placed in recent years on 

developing targeted treatments for both decreased off-target effects and increased desired 

effects. One method for modifying EVs involves fusion of vesicle or liposome membranes 

to EVs to combine the surface proteins of the respective membranes. To date, EV surface 

engineering via membrane fusion has not been researched in the context of central nervous 

system diseases. However, protocols for membrane fusion between EVs and liposomes have 

been established for other indications (Sato et al., 2016). This allows for novel engineering 

of EVs by essentially combining the plasma membranes of brain-specific cell types or 

artificial liposomes to increase the targeting efficiency of therapeutic EVs.

Besides chemical and membrane fusion methods to bioengineer the surface of EVs, a 

more bottom-up approach is to create synthetic EVs. Many groups are actively creating 

synthetic EVs, also known as EV mimetics, to have fine control over the surface ligand 

expression. For example, microfluidics approaches have resulted in the development of 

biomimetic nanovesicles with higher uptake and immunomodulatory properties compared to 

liposomes (Molinaro et al., 2018). Extrusion approaches have also been applied to cancer 

immunotherapy to created hybrid nanovesicles that modulate macrophage responses (Rao et 

al., 2020). These techniques can be applied to AD to create well-defined EV mimetics for 

more targeted treatments.

EVs naturally contain a mixture of small RNA and peptide species, and the specific 

contents are a function of the originating cell type and the physiological context. MiRNAs 

play critical roles in the CNS, and are involved in neurogenesis, glial cell regulation, 

development, immunomodulation, and spinal cord regeneration (Reza-Zaldivar et al., 2018). 

miRNAs have wide-ranging abilities, such as regulating gene expression, cellular functions, 

and inflammatory response (Jiang, Vader, & Schiffelers, 2017; Reza-Zaldivar et al., 2018). 

Using EVs to deliver therapeutic miRNAs to target cells like astrocytes and microglia 

may alter their gene expression, potentially changing the cell’s diseased state to a healthy 

one. This miRNA delivery may be able to induce astrocytes to clear plaques, or induce a 

reduction in neuroinflammation, slowing AD progression. Table 2 highlights several recent 

studies that loaded macromolecules into EVs for in vivo treatment. EVs can be engineered 

to carry desired cargo in several methods, including electroporation, diffusion, or genetically 

modifying the parent cell to synthesize specific macromolecules that become enveloped in 

the secreted EVs (Figure 3). The composition, electrical charge, and size of cargo should be 

carefully evaluated to choose the most efficient loading method.

4.3 Bioengineered EVs as AD Therapeutics

EVs have been demonstrated to ameliorate the common pathologies of AD mentioned 

previously, including Aβ plaque clearance (Yuyama et al., 2015), downregulating reactive 

astrogliosis (M. Guo et al., 2020), and preventing apoptosis in neurons and oligodendrocyte 
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precursor cells (Reza-Zaldivar et al., 2018). EVs have also been applied to a variety of in 
vitro and in vivo models and disease systems as a potential therapeutic, such as Parkinson’s 

disease, multiple sclerosis, stroke, and ischemia (Qu et al., 2018; Shamili et al., 2018; 

Y. Song et al., 2019; Zheng, Huang, Ma, Chen, & Gao, 2019). Cell-free approaches are 

the next step in Alzheimer’s treatment; EVs do not divide or metabolize, eliminating 

the risk of cancer induction and uncontrolled cell division associated with cell therapies. 

EVs are easily modified to carry cargo such as macromolecules, drugs, and membrane 

proteins targeting specific receptors on desired cell types (Figure 2). Additionally, they are 

nano-sized and easily cross the BBB. Engineered EVs show great potential in therapeutics of 

neurodegenerative disorders like AD (Figure 1B).

One significant category of EVs to note in the context of AD are glial cell-derived EVs. 

These include EVs obtained from either microglia or astrocytes, which subsequently can 

exhibit various phenotypes depending on their activation state. Significant research has 

already been conducted investigating the role of native glial cell-derived EVs in the CNS 

microenvironment. Recently, part of the multifaceted role of microglia in the brain and 

specifically in AD pathology was attributed to microglial EVs and their role in multi-target 

signaling (Van den Broek et al., 2020). Because glial cell-derived EVs naturally interact 

with many of the cell types of interest in the brain, they represent promising candidates for 

targeting the underlying mechanisms of AD pathology. For example, intranasal delivery of 

EVs isolated from astrocytes and loaded with lincRNA-Cox2-siRNA were able to reduce 

LPS-induced microglial proliferation in mice. Astrocyte derived EVs with lincRNA-Cox2-

siRNA cargo were also able to restore microglial phagocytic activity in morphine mice (Hu 

et al., 2018) (Table 2). Engineering both their surface and interior contents would be a novel 

approach towards the development of cell-free therapeutics for AD treatment.

4.3.1 EV treatment decreases amyloid plaque deposition—Generally regarded 

as the main driver of AD under the amyloid hypothesis of AD, Aβ protein plaques 

accumulate extracellularly and lead to neurotoxicity, neuron apoptosis, and DNA damage 

(G. F. Chen et al., 2017). Aβ generated by APP cleavage has been found in AD patient 

CSF-derived EVs (Kalluri & LeBleu, 2020; Rajendran et al., 2006). To address Aβ plaques, 

bioengineered MSC-EVs with a surface RVG peptide have been shown to target activated 

astrocytes in APP/PS1 mice, a murine model of AD. The EV-treated mice had decreased 

Aβ plaque deposition and levels of Aβ and pro-inflammatory mediators secreted, and even 

showed improved cognitive function in memory tasks (Cui et al., 2019). Murine dendritic 

cell-derived EVs have been designed to target neurons in vitro via surface modification 

with the neuron-specific RVG peptide. The RVG-EVs, loaded with siRNA, silenced beta-site 

amyloid precursor protein cleaving enzyme 1 (BACE1) expression in cultured Neuro2A 

cells and lowered the concentration of Aβ42 in mouse cortical sections (Alvarez-Erviti et al., 

2011).

4.3.2 EVs attenuate neuroinflammation and target reactive astrogliosis—
Activated astrocytes and microglia in AD upregulate and secrete high levels of 

pro-inflammatory proteins and cytokines, leading to chronic neuroinflammation. MSC-

EVs have been shown to inhibit in vivo astrocyte activation in mice (Cui et al., 
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2019). Intraventricularly injected MSC-EVs in mice attenuated an induced inflammatory 

hippocampal brain response and decreased TNFα and IL-1β expression (Xian et al., 2019). 

The same injected MSC-EVs targeted astrocytes, exerted therapeutic effects at the cellular 

level and led to improved scores on a mouse memory task compared to control mice 

(Xian et al., 2019). In a murine model of inflammatory brain injury, astrocyte derived 

EVs have been shown to regulate peripheral acute cytokine responses to brain lesions and 

promote leukocyte transmigration into the brain (Dickens et al., 2017; Venturini et al., 2019). 

Microglia-derived EVs have also been validated in a mouse model to exert neuroprotective 

effects following neuronal uptake in an ischemia-reperfusion injury model (Y. Song et al., 

2019). Using EVs from astrocytes and microglia may provide an advantage in targeting 

engineered EVs to their target cells smoothly or allow them to be taken up selectively 

as opposed to other cell types, increasing drug efficacy. In mouse models of multiple 

sclerosis, oligodendrocyte-derived EVs have been shown to suppress the overactive immune 

cells and downregulate monocyte gene expression of pro-inflammatory cytokines such as 

IL-1β, which are commonly associated with AD and reactive gliosis (Casella et al., 2020). 

Placenta-derived mesenchymal stromal/stem cell (PMSC) derived EVs have been used to 

promote neuron regeneration and exert neuroprotective and immunomodulatory effects in 

the CNS (Kumar et al., 2019; Xian et al., 2019). In the context of AD, EV treatment may 

attenuate neuroinflammation, potentially decreasing reactive gliosis that exacerbates disease 

progression. Instead of constant immunosuppression, researchers seeking translational work 

must consider that successful EV treatment research trials need to show a delicate balance of 

maintaining homeostatic regulation of neuroinflammation.

4.3.3 EVs are associated with angiogenesis and improved neurovasculature
—Neurovascular dysfunction is ubiquitous in the AD brain and has even been proposed 

to be a “vascular hypothesis of AD” (Govindpani et al., 2019). The BBB and its many 

endothelial cells are in direct contact with astrocytes and microglia, which support neurons. 

The BBB and brain blood vessels are incredibly important to AD pathology; early 

qualitative studies reported distorted arterioles and capillaries in AD brains, and many 

AD patients exhibited a general reduction in total mean arterial blood flow in major 

cerebral arteries (Govindpani et al., 2019). The interaction between EVs surface molecules 

and adapter molecules on the surface of endothelial cells has been shown to regulate 

EV internalization by the endothelial cells (Matsumoto, Stewart, Banks, & Zhang, 2017). 

Vascular dysfunction is a common problem in AD and other neurodegenerative diseases. 

MSC-EVs have been demonstrated to promote in vivo neurovascular plasticity in rats 

post-stroke induction (Xin et al., 2013). In an ex vivo rat aortic ring assay, PMSC-EVs 

significantly promoted angiogenesis and vessel sprouting (Hao et al., 2020). These results 

show potential in using MSC-derived EVs for vascular regeneration, which may ameliorate 

the distorted blood vessels in AD brains.

In terms of glial cell-derived EVs, microglia have been shown to promote angiogenesis in 

an EV-dependent manner. In a mouse ischemia model, polarized BV2 microglia secreted 

EVs to restore damaged vasculature following stroke, potentially through the increased 

miR-26a content in the secreted microglia EVs (Y. Tian et al., 2019). Native, unmodified 

EVs can be further improved by surface engineering for targeting applications or exogenous 
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cargo loading for increased therapeutics effects such as angiogenesis. As EV engineering 

techniques continue to progress and protocols for EV yields are optimized, there will be 

increasing opportunities for exploring the potential of engineering glial EVs in targeting 

processes such as neurovascularization.

4.3.4 EVs repair disrupted blood-brain barrier—Another hallmark of AD is a 

permeable BBB, indicating partial disruption or dysfunction of the barrier’s selective 

permeability (S. Y. Chen et al., 2019; Matsumoto et al., 2017). This detrimental mechanical 

change allows previously prohibited proteins, cells, and other substrates into the vulnerable 

peri-neural space. It is thought that this mechanical breakdown is a precursor to increased 

neuroinflammation, because reactive T cells and other immune cells are now free to invade 

the brain (Govindpani et al., 2019). In the 5XFAD mouse model of familial AD, neural stem 

cell derived EVs (NSC-EVs) repaired the disrupted BBB in vitro (Y. Liu et al., 2020). In the 

study, sodium fluorescein and Evans Blue dye were injected intraperitoneally in wild-type 

and NSC-EV administered mice. Immediately after, cardiac blood samples were collected, 

mice were perfused, and brain cross sections were examined. The AD mice given NSC-EVs 

lacked dye in the blood samples and showed healed BBBs comparable to age-matched wild-

type mice (Y. Liu et al., 2020). In vivo, bone marrow MSC-EVs loaded with prostaglandin 

antagonists administered to mice attenuated inflammation, inhibited reactive astrogliosis, 

and increased BBB integrity (S. Y. Chen et al., 2019). The pathological migration of 

immune-reactive cells across the BBB may play a role in AD-related neurodegeneration, 

but using EVs to repair the permeable BBB may be a potential therapeutic application.

4.3.5 EVs rescue AD-related loss in memory and motor function—AD-related 

dementia is thought to arise largely from neuronal and glial cell death. EVs secreted from 

PMSCs have a neuroprotective and antioxidant effect on neurons and can increase the 

number of neurites and overall neuron number in vitro (Kumar et al., 2019). Additionally, 

neurons, microglia, and astrocytes have been shown to secrete EVs containing inflammatory 

cytokines after induced nervous tissue damage (Bianco et al., 2009; Kalani, Tyagi, & Tyagi, 

2014). These secreted EVs may be useful for diagnostic applications; collecting patient 

derived EVs and analyzing their secretomes may indicate EV changes between healthy and 

diseased states.

A hallmark symptom of AD is memory loss, which is predominantly caused by neuronal and 

glial cell death in the hippocampus and other brain areas (Bature et al., 2017; Reza-Zaldivar 

et al., 2018). Memory loss often leads to frustration and conflict between patients and their 

caregivers (Mortazavizadeh, Maercker, Roth, Savaskan, & Forstmeier, 2020). In vivo EV 

treatments in murine models have shown promising results in memory and learning rescue 

and enhancement.

For example, unmodified human umbilical cord mesenchymal stromal cell (hUCMSC) 

derived EVs have been demonstrated to restore learning and memory impairment in a 

mouse model of status epilepticus (Xian et al., 2019). MSCs exert therapeutic effects 

through paracrine signaling, and within those bioactive factors, EVs may be key to those 

processes (Kalluri & LeBleu, 2020). In APP/PS1 Alzheimer’s mice, MSC-derived EVs 

engineered with an RVG surface peptide rescued memory deficits compared to the control 
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AD mice (Cui et al., 2019). Since the hippocampus is commonly affected in AD patient 

brains, another team induced hippocampal damage in mice and recorded their baseline and 

post-damage memory task scores. Then, injected BMSC-EVs loaded with a prostaglandin 

receptor antagonist were able to suppress inflammatory cytokines and rescued the memory 

and learning deficiencies caused by hippocampal damage (S. Y. Chen et al., 2019). MSC-

EVs applied to neurons reduced apoptosis at lesion site, enhanced neurogenesis, and 

ameliorated neurological deficits (Harris et al., 2018; Harting et al., 2018; Reza-Zaldivar 

et al., 2018). In APP/PS1 mice, a model of AD, MSC-EVs bioengineered to target activated 

astrocytes inhibited astrocyte activation and rescued mouse memory deficits (Cui et al., 

2019). Furthermore, there was a reduction in plaque deposition, Aβ levels, and normalized 

inflammatory cytokine levels such as TNFα and IL-β in the mouse brains (Cui et al., 2019). 

Though these results are optimistic, the differences between murine and human brains are 

extensive and cannot be seamlessly translated. More work is needed, but future clinical 

trials may examine the potential memory benefits of EVs in patients with Alzheimer’s or 

dementia.

Regarding motor loss due to neuronal death in AD, MSC-EVs have been demonstrated 

to improve motor function and attenuate myelin loss and Purkinje cell apoptosis in mice 

(You et al., 2020). This group performed tail vein injection of MSC-EVs in mice modeling 

Machado-Joseph disease, a dominant hereditary ataxia condition (Bondi et al., 2017). EV 

therapy for motor dysfunction has yet to be tested in animal models of AD and humans.

In these many ways we see the incredible potential of EVs as a powerful and multipotent 

cell-free AD therapeutic. Taken together, these findings suggest the use of EVs as a cell-free 

therapeutic and the necessity of investigating EVs from a variety of parent cell lines. We 

propose the use of bioengineered EVs as the next step in AD research by targeting AD 

biomarkers in astrocytes and microglia (Figure 1B).

4.4 EVs in Clinical trials

Though the body of in vitro and in vivo EV research is promising and growing rapidly, 

we must critically examine the therapeutic potential of EV therapy in humans. There are 

several completed and active EV trials pledging to study various diseases. For therapeutic 

EV treatments, EVs can be left unmodified to examine their abilities in their natural state. 

Alternatively, the field of EV bioengineering has led to promising results in human trials and 

in vitro and in vivo studies.

Only a few clinical trials in recent years have explored the therapeutic and diagnostic 

applications of EVs in neurodegenerative disease. NCT01860118 studied EV biomarkers 

from the blood and urine of patients with Parkinson’s disease. Though the results are not 

yet announced, this study is an example for other neurodegenerative diseases to utilize EV 

biomarkers in studying disease states. Investigating progression or notable changes in EV 

proteomes in patients over time may provide useful information on how aging or prolonged 

drug treatment may alter EV content.

NCT04388982 is an actively recruiting clinical trial to evaluate the safety and efficacy of 

allogenic adipose MSC-derived EVs in Alzheimer’s patients. They plan to measure patient 
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cognition and quality of life, as well as changing levels of amyloid-β in serum and CSF. 

Investigating these unmodified EVs might shed light on their intrinsic ability to reduce 

neuronal apoptosis and exhibit neuroprotective effects. NCT04040348 plans to examine 

the therapeutic effects of MSC infusions in patients with mild to moderate Alzheimer’s 

disease. They will assess cognitive function, depressive symptoms, quality of life for the 

participant and caregiver, and levels of serum biomarkers such as ApoE and Tau protein. 

Although MSCs are promising in their anti-inflammatory and neuroprotective powers, the 

team must consider how to identify and ameliorate stem cell “trapping” in the lungs and 

vasculature, or potential cell proliferation which could lead to tumorigenesis. MSC-EVs 

therefore pose a promising, cell-free, alternate therapy that avoids issues related to stem cell 

treatment. NCT04575337 is an actively recruiting clinical trial to collect, detect, and screen 

biomarkers at multiple stages of Alzheimer’s disease and compare them to age-matched 

elderly patients with normal cognitive function. This panel of biomarkers could be used to 

diagnose early-stage AD or establish a risk-prediction model for AD to create prophylactic 

measures. Since EVs are released from the CNS and in AD patients are known to carry AD 

biomarkers such as certain miRNAs and proteins, further trials may compare this study’s 

results with patient-derived EV cargo sequencing and characterization.

5. Risks and Challenges

As with any clinical ventures we must critically examine any potential risks and challenges. 

The first posed challenge is ensuring the engineered EVs will cross the BBB in humans. It 

is well-established that EVs easily cross the BBB without altering or losing their internal 

contents or surface markers (Kalluri & LeBleu, 2020). It has been found that upon IL-1β 
intracerebral injection in mice, astrocytes released increased numbers of EVs that crossed 

the BBB in vivo and went to the liver, lung, and spleen (Dickens et al., 2017). A subsequent 

challenge concerning the clinical applications of EVs is developing a robust biodistribution 

validation method for humans instead of rodents. This validation method must accurately 

and reliably detect and report that the EVs have arrived at their target location and maintain 

their bioengineered identity. This method may also be useful in testing the half-life or 

duration of EVs in patient brains, potentially using real-time imaging for fluorescently 

tagged EVs.

To provide a complete picture of EV therapy’s impact on patients, long-term regulation 

and re-administration of EVs and their downstream effects must be examined. Although it 

is established that EVs can migrate to certain target sites in vivo and are often selectively 

taken up, critics and researchers alike seek to evaluate long-term therapeutic effects. EVs 

are often lauded for having a longer half-life than MSCs (Sarko & McKinney, 2017). With 

the advent of EV nanoparticle tracking analyses, many teams are currently studying EV 

biodistribution. In mice, EVs administered intravenously and modified with fluorescently 

tagged CD63 membrane protein have shown via blood kinetic analysis to be cleared rapidly 

from circulation, having a half-life below ten minutes (Lazaro-Ibanez et al., 2021). Beyond 

this recent study, detailed analyses of EV half-life in vivo have not been robustly established 

(Verweij et al., 2019). Adding to the uncertainty, EV secretion and degradation patterns 

are not well understood, and some researchers have proposed that modifying EVs may 

jeopardize their biodistribution and half-life (Kwok et al., 2021; Lazaro-Ibanez et al., 2021).
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Generating sufficient EV numbers for human dosages is limited by the notoriously 

heterogeneous nature of EVs obtained through isolation. Homogeneous EV populations are 

essential for creating standardized therapies. The EV production team must go through a 

series of arduous and time-intensive steps: generate and isolate EVs, identify and sequester 

the desired EVs in the population, and then obtain enough to fill a dose. EV heterogeneity 

is not only an issue for treatment, but also for diagnostic purposes. EVs have shown 

potential to be used as biomarkers for disease and healthy states. However, it may be 

challenging to standardize certain EVs as definite biomarkers because in each sample the 

EV phenotypic profile varies (Hornung, Dutta, & Bitan, 2020). New technologies such as 

single-EV sequencing and high-sensitivity flow cytometry allow detection of individual 

EVs to characterize their proteomes (Vagner et al., 2019). As the field continues to 

progress, individual EVs may be more easily detected and segregated according to specific 

desired characteristics. Currently, there is still an unmet need for standardized, reproducible 

isolation methods and biomarker determination. (Hornung et al., 2020)

One clinical concern for AD is the potential neurotoxicity or off-target physiological effects 

from EV therapy. First, EVs must be rigorously tested in vitro and in vivo in animal models 

prior to a human clinical trial. Many teams have observed no neurotoxicity from autologous 

EVs after they were re-administered into the animals (Xian et al., 2019; Xin et al., 2013; You 

et al., 2020). To study Parkinson’s disease, murine blood derived EVs were collected and 

incubated with dopamine, then injected intravenously back into the donor mice. The team 

found that the dopamine loaded EVs led to lower toxicity against human neuroblastoma 

cells and did not trigger significant cell death in vivo (Qu et al., 2018). In a clinical trial 

using dendritic cell-derived EVs as a maintenance immunotherapy for non-small-cell lung 

cancer, EVs showed minimal toxicity and were deemed a well-tolerated phase I therapeutic. 

Only one patient out of the 22-patient cohort developed hepatotoxicity (Besse et al., 2016). 

Though these studies are reassuring, more work is needed to thoroughly test each new EV 

therapy.

On the cellular level, one large concern is if astrocytes and microglia will preferentially 

uptake EVs and yield desired downstream effects. Although the process is not well 

understood, there have been several studies showing astrocytes and microglia taking up 

natural and engineered EVs, showing functional changes in response (S. Y. Chen et al., 

2019; Cui et al., 2019; Gayen et al., 2020; Lin et al., 2018; Venturini et al., 2019; Xian 

et al., 2019). Future studies must design effective EVs that target astrocyte and microglial 

biomarkers that will instruct the cells to reduce neuroinflammation, clear plaques, and/or 

recruit other cells to aid.

Regarding EVs for diagnosing AD, It is important to note that sometimes patients never 

develop AD even if certain associated biomarkers are present or detected postmortem, such 

as amyloid plaques and tau (Walsh & Selkoe, 2020). This reinforces the fact that every 

patient is unique; their EV biomarkers will reflect that but must be standardized across 

numerous patients for diagnostic and therapeutic purposes. Additionally, researchers may 

benefit from tailoring engineered therapeutic EVs to individuals based on that person’s EV 

profile. Gradually, as engineered EVs demonstrate efficacy in treating AD pathophysiology, 

EV therapeutics may become standardized and able to treat larger patient populations.
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Conclusion

Alzheimer’s disease is one of the hardest to diagnose and treat in proper time. The 

diagnosing techniques for AD rely heavily on protein aggregation in the patients, which 

may or may not be present at early stages of the disease. For AD treatment, only six 

drugs are approved by the Food and Drug Administration in the United States and none 

of them address the mechanisms that cause the disease in the first place (Cummings, 

2021; Yiannopoulou & Papageorgiou, 2020). Currently there is no cure for Alzheimer’s, 

only treatments to alleviate symptoms (Cummings, 2021; Villar-Vesga et al., 2020). While 

diagnoses and treatments stay difficult to implement and innovate, the economic burden of 

AD increases each year and is estimated to be approximately $1 trillion by 2050 (Marasco, 

2020). There is an unmet economical and scientific need to provide novel and creative 

approaches to solve AD.

Extracellular vesicles (EVs) pose a minimally invasive and cell free treatment that may 

be able to resolve many pathophysiological drivers of AD and slow or even stop disease 

progression and neuronal cell death (Harris et al., 2018; Harting et al., 2018; Kumar et al., 

2019; Reza-Zaldivar et al., 2018). EVs can be applied for both AD diagnosis and treatment. 

Similar EV isolations in patients with epilepsy, traumatic brain injury and neurogenerative 

disorders show promise in diagnosing CNS disorders (Armstrong & Wildman, 2018; 

Karttunen et al., 2019; Saadatpour et al., 2016).

In the field of EV therapeutics, there is a pressing need for identifying cell type-

specific markers for distinct EV populations. It is well known that EVs represent a 

largely heterogeneous population and often do not possess single markers for conclusive 

identification. Identifying EV markers in the context of various diseases or indications 

could accelerate the development of novel treatments by increasing the efficiency of 

testing both in vitro and in vivo. This is especially important when considering some of 

the recent debate regarding previously well-established EV markers. A Nature Methods 

paper recently showed that cell adhesion molecule L1CAM was not a marker of neuronal 

EVs (Norman et al., 2021). This was controversial in the EV field, because prior to 

this revelation, Kapogiannis et al had shown in multiple studies that L1CAM-enriched 

EVs were associated with numerous neuronal markers such as tau and BDNF, so they 

posited that L1CAM could be used as a “liquid biopsy” for neuronal metabolism or as a 

biomarker for neurodegenerative diseases (Mustapic et al., 2017; Pulliam, Sun, Mustapic, 

Chawla, & Kapogiannis, 2019). Though this one new study has challenged the longstanding 

perception of L1CAM’s application in AD diagnosis and treatment, it may support finding 

a different marker for neuronal EVs, and potentially also call into question the validity of 

currently used EV markers. This recent example serves to highlight the need for additional 

EV-associated biomarkers for further advancements in EV research.

In the near future, surface markers and internal cargo of patient derived EVs could 

be analyzed and compared to established data, potentially diagnosing AD earlier. 

Bioengineered EVs targeting astrocytes and microglia may fight AD plaque accumulation or 

neuroinflammation, alongside addressing other issues such as vascular dysfunction (Casella 

et al., 2020; Govindpani et al., 2019; Hao et al., 2020; Kumar et al., 2019; Xian et al., 2019). 

Future EV treatments will be cell-free, eliminating risks commonly associated with stem cell 
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therapies, such as tumorigenesis, unplanned cell division, and unwanted immune reactivity. 

Future clinical trials can test these nanoparticle therapies in in AD and other CNS disorders. 

Continued research is essential to improve EV purification, yield, tracking, targeting and 

validation methods.
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Sidebar 1: EVs as a novel treatment approach and personalized therapy

Early intervention, with novel diagnostic biomarkers and treatments, can have lasting 

implications on patient quality of life. Signs of AD dementia in patients include 

memory loss, difficulty completing familiar tasks, confusion with time or place, trouble 

speaking, issues with visual images and spatial relationships, changes in mood and 

personality, and other signs (Breijyeh & Karaman, 2020). Early intervention may prevent 

progression to dementia, improve patient quality of life and relieve caregiver burden. EVs 

engineered in the lab are a novel therapeutic approach to AD. Due to their engineering 

and modification potential, therapeutic EVs provide the possibility of individualized 

therapy for Alzheimer’s patients. Personalized therapeutic approaches are more robust in 

targeting the specific disease mechanisms the patient suffers with, making them a more 

desirable therapeutic compared to traditional pharmaceuticals.

Sidebar 2: Stages of AD and the need for earlier diagnosis using biomarkers

Historically, Alzheimer’s disease had been classified by the dementia stage of the 

disease. Today we know that dementia is only a part of the disease, and AD often 

begins with mild cognitive impairment (MCI) (Lopez et al., 2018). In some individuals, 

cognitive decline begins earlier than when they receive the MCI diagnosis. Currently, 

there are no systemic biomarkers to detect all stages of AD successfully and no 

established serum- or CSF-derived biomarkers to predict whether the MCI diagnosis 

will lead to dementia (Villar-Vesga et al., 2020). Novel diagnostic biomarkers, such as 

extracellular vesicles (EVs) released by diseased patient cells, have the potential to detect 

all stages of Alzheimer’s and exponentially improve patient outcomes. Extracellular 

vesicles (EVs) isolated from patient serum may provide information on individual-level 

differences and solidify our understanding of AD disease mechanisms.
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Figure 1. 
Extracellular vesicles as diagnostics and therapeutics. Diagram representing (A) the utility of 

EV samples from Alzheimer’s patients in diagnosing, and (B) how EVs can be generated in 

labs and engineered as a bench-to-bedside clinical therapeutic for Alzheimer’s patients.
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Figure 2. 
Overview of extracellular vesicle engineering. EVs can be modified once they are collected 

and purified from parent cells and can include A) new surface markers, B) have new 

molecules physically conjugated to their existing surface markers, or C) contain new cargo 

macromolecules.
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Figure 3. 
Cellular modification to generate engineered extracellular vesicles. Parent cells that will 

secrete the desired EVs can be modified genetically or induced through electroporation or 

diffusion to take up specific cargo to incorporate into EVs.
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Table 1.

Reviewing recent studies utilizing EVs engineered with specific surface modifications.

EV Surface 
Modification:

Example: EV Cell Source: Major Findings: Reference:

Aptamer Covalently 
conjugated 
IJM-3064 aptamer

Mouse bone 
marrow mesenchy 
mal stem cells 
(BM-MSCs)

EVs with a surface-bound aptamer targeting 
myelin significantly reduced inflammatory cell 
infiltration into the CNS and demyelination in a 
mouse model of multiple sclerosis.

(Shamili et al., 
2018)

Targeting Peptide CNS-specific RVG 
peptide via DOPE-
NHS linker

Mouse BM-MSCs In AD mice, RVG-EVs improved targeting 
to cortex and hippocampus, rescued learning, 
and memory difficulties, and were associated 
with decreased amyloid-β plaque deposition and 
inflammatory cytokines.

(Cui et al., 2019)

EV Surface 
and Cargo 
Modifications:

Example:

Surface: Chimeric 
protein
Cargo: siRNA

Surface: DARPin 
G3 protein 
with LAMP-2b 
attachment
Cargo: siRNA 
against TPD52

Human 
embryonic kidney 
cells (HEK293T)

In vitro: EVs engineered with DARPin G3 were 
used to target HER2/neu positive breast cancer 
cells. siRNA against oncogene TPD52 were 
loaded into these engineered EVs and successfully 
downregulated TPD52 gene expression in HER2 
positive cell lines.

(Limoni, 
Moghada m, 
Moazzeni, 
Gomari, & 
Salimi, 2019)

Surface: Targeting 
peptide
Cargo: Aptamer

Surface: Lamp2b 
fused to RVG 
peptide
Cargo: Aptamer 
specific for 
asynuclein protein

Human 
embryonic kidney 
cells (HEK293T)

Aptamer-loaded RVG-EVs significantly reduced 
α-synuclein pathological aggregates and rescued 
neuronal death in vivo in a mouse model of 
Parkinson’s disease, a common neurodegenerative 
disease.

(Ren et al., 
2019)

Surface: Targeting 
Peptide
Cargo: Protein

Surface: Integrin-
targeting c(RGDyK) 
peptide
Cargo: Curcumin

Mouse BM-MSCs EVs targeted to reactive cerebral vascular 
endothelial cells intravenously injected into mouse 
models of ischemic stroke reduced inflammation 
and inhibited apoptosis in lesion sites.

(T. Tian et al., 
2018)
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Table 2.

Reviewing recent studies utilizing EVs loaded with therapeutic cargo.

Engineered 
EV Cargo

Example: EV Cell Source: Major Findings: Reference:

Cargo: siRNA PTEN-siRNA BM-MSCs When administered intranasally to rat models of spinal 
cord injury, MSC-EVs loaded with PTEN-siRNA via 
simple incubation silenced PTEN expression in spinal cord 
lesions, regenerated corticospinal axons, and resulted in 
significant functional and structural recovery.

(S. Guo et al., 
2019)

Cargo: siRNA lincRNA-Cox2-
siRNA

Mouse primary 
astrocytes

In vivo: Intranasally delivered lincRNA-Cox2-siRNA 
loaded EVs could reach the brain and reduce LPS-induced 
microglial proliferation

(Liao et al., 
2020)

Cargo: siRNA LincRNA-Cox2-
siRNA

Mouse primary 
astrocytes

In vivo: EVs via intranasal administration containing 
lincRNA-Cox2 siRNA were able to restore microglial 
phagocytic activity in mice administered with morphine.

(Hu et al., 2018)

Cargo: 
hsiRNA

HsiRNA targeting
Huntingtin
mRNA

Human primary 
U87 glioblastoma 
cells

In vitro: hsiRNA-loaded EVs were taken up by mouse 
primary cortical neurons and silenced Huntingtin (Htt) 
mRNA and HTT protein expression.
In vivo: EVs induced bilateral Htt mRNA silencing after 
a unilateral stereotactic injection into striata of the mouse 
brain. This suggests that the EVs can travel and unload 
gene-regulating cargo efficiently.

(Didiot etal., 
2016)

Cargo: Protein Prostaglandin 
receptor 
antagonist

Human BM-
MSCs

In vivo: EVs suppressed inflammatory cytokines, exhibited 
sustained inhibition of reactive astrocytes, and rescued the 
memory and learning deficiencies induced by hippocampal 
damage in mice.

(S. Y. Chen et al., 
2019)
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