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ABSTRACT  
   
 

Genome wide association studies (GWAS) have identified polymorphism in the 

Apolipoprotein E (APOE) gene to be the most prominent risk factor for Alzheimer’s disease (AD). 

Compared to individuals homozygous for the APOE3 variant, individuals with the APOE4 variant 

have a significantly elevated risk of AD. On the other hand, longitudinal studies have shown that 

the presence of the APOE2 variant reduces lifetime risk of developing AD by 40 percent. While 

there has been significant research that has identified the risk-inducing effects of APOE4, the 

underlying mechanisms by which APOE2 influences AD onset and progression have not been 

extensively explored. The hallmarks of AD pathology manifest in human neurons in the form of 

extracellular amyloid deposits and intracellular neurofibrillary tangles, whereas astrocytes are the 

primary source of the APOE protein in the brain. In this study, an isogenic human induced 

pluripotent stem cell (hiPSC)-based system is utilized to demonstrate that conversion of APOE3 

to APOE2 greatly reduced the production of amyloid-beta (Aβ) peptides in hiPSC-derived neural 

cultures. Mechanistically, analysis of pure populations of neurons and astrocytes derived from 

these neural cultures revealed that mitigating effects of APOE2 is mediated by cell autonomous 

and non-autonomous effects. In particular, it was demonstrated the reduction in Aβ and 

pathogenic β-C-terminal fragments (APP-βCTF) is potentially driven by a mechanism related to 

non-amyloidogenic processing of amyloid precursor protein (APP), suggesting a gain of 

protective function of the APOE2 variant. Together, this study provides insights into the risk-

modifying effects associated with the APOE2 allele and establishes a platform to probe the 

mechanisms by which APOE2 enhances neuroprotection against AD. 
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CHAPTER 1 

USING HUMAN INDUCED PLURIPOTENT STEM CELLS (HIPSCS) TO INVESTIGATE THE 

MECHANISMS BY WHICH APOLIPOPROTEIN E (APOE) CONTRIBUTES TO ALZHEIMER’S 

DISEASE (AD) RISK 

1.1 Introduction 

Alzheimer’s disease (AD) is currently the 6th leading cause of death in the United States 

and affects an estimated 5.8 million Americans, with this figure expected to rise to nearly 14 

million individuals by 2050 (“2019 Alzheimer’s disease facts and figures,” 2019). In 2018 alone, 

costs associated with the care of patients with Alzheimer’s and other dementias totaled nearly 

$234 billion. Worldwide prevalence is estimated to be as high as 24 million, with AD accounting 

for more than 50% of all dementia cases (Bekris et al., 2010; Mayeux and Stern, 2012). 

Prevalence rates of AD increase with age, increasing dramatically after age 65, with a 

documented nearly 15-fold increase in the prevalence of predominantly Alzheimer’s dementia in 

individuals between 60 and 85 years of age (Evans et al., 1989; Mayeux and Stern, 2012). 

Animal models that overexpress Alzheimer’s disease (AD)-related proteins or have 

familial AD (fAD)-related mutations introduced into the genome have provided important insights 

into AD (Bettens et al., 2010; Drummond and Wisniewski, 2017; Esquerda-Canals et al., 2017). 

Unfortunately, these models do not display important pathological hallmarks of the human 

disease and have not adequately modeled the complex genetics associated with sporadic AD 

(sAD) (Duff and Suleman, 2004; Seok et al., 2013; Warren et al., 2015). In addition, the 

complexity of in vivo experiments makes it difficult to eliminate confounding variables and directly 

investigate the manifestation of molecular, biochemical, and cellular phenotypes. Studies of 

human neuronal cells have been restricted to experiments with cadaveric tissue samples, which 

are limited in supply and rapidly lose disease phenotypes with extensive ex vivo culture. Because 

of the limitations of current animal and human models of AD, the mechanisms that cause AD 

onset and progression remain poorly understood, possibly explaining the failure of recent 

experimental therapies (Qosa and Volpe, 2018). 
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Moving forward, accessible and reproducible human in vitro models are needed to 

compliment these existing models. Advances in cellular reprogramming have enabled the 

generation of in vitro central nervous system (CNS) disease models that can be used to dissect 

disease mechanisms on a cellular level and evaluate potential therapeutics (Goldstein et al., 2015; 

Robbins and Price, 2017). In this review, we will summarize how human induced pluripotent stem 

cells (hiPSCs) have emerged as viable system to model various aspects of AD pathogenesis. In 

particular, we will discuss how emerging technologies in genome engineering and organoid culture 

in conjunction with hiPSC-based models could provide new opportunities to investigate the risk-

modifying effects of Apolipoprotein E (ApoE). 

 

1.2 Alzheimer’s Disease: Pathophysiology, Molecular Mechanisms, and Genetics 

Neuropathological hallmarks of AD include extracellular amyloid plaques, cerebral 

amyloid angiopathy, and neurofibrillary tangles in the form of intraneuronal aggregations of 

modified Tau proteins (Selkoe, 1991; Serrano-Pozo et al., 2011). In addition, cortical thinning can 

be observed early in the disease process by MRI, showing symmetrical atrophy of the cortex in 

the medial temporal lobes (Dickerson et al., 2011, 2009; Serrano-Pozo et al., 2011). Amyloid 

plaques seen in the brains of AD patients result from the extracellular accumulation of 40 or 42 

amino acid amyloid-beta (Aβ) peptides, produced by proteolytic cleavage of amyloid precursor 

protein (APP) in neurons. Broadly speaking, amyloid plaques can be characterized as either 

diffuse or dense-core plaques. Although diffuse amyloid plaques can be detected in cognitively 

normal aging adults, dense-core plaques are commonly seen in the brains of individuals with AD, 

and are associated with damage to surrounding cellular architecture causing synapse loss, 

neuron death, and activation of astrocytes and microglial cells (Itagaki et al., 1989; Knowles et al., 

1999; Vehmas et al., 2003). Neurofibrillary tangles are formed by aggregation of Tau, a 

microtubule-associated protein, leading to neuron death. Under physiological conditions, Tau 

regulates the stability of microtubule structure. However, in AD and other tauopathies, Tau is 

hyperphosphorylated causing microtubule disassembly and aggregation of phosphorylated Tau 

(p-Tau) filaments (Guo et al., 2017; Medeiros et al., 2011). Interestingly, although global amyloid 
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burden is associated with decreased cognitive function and may predict longitudinal cognitive 

decline, recent neuroimaging studies suggest Tau positron emission tomography (PET) may be 

more sensitive than Aβ PET and increasing levels of Tau may be a better predictor of early 

decline in cognition than Aβ alone (Aschenbrenner et al., 2018; Farrell et al., 2017; Ossenkoppele 

et al., 2019). 

 

1.2.1 The amyloid hypothesis 

The Aβ peptide observed in the cortex of AD patients was first isolated and sequenced in 

1984 and found to be homologous to the amyloid peptide seen in the brains of individuals with 

Down’s syndrome (Glenner and Wong, 1984a, 1984b). This finding was the first to suggest the 

genetic deficit in AD may be localized on chromosome 21. Subsequent cloning and 

characterization of a cDNA that encoded the amyloid peptide revealed a highly conserved β- 

amyloid precursor protein (APP) gene product that was mapped to human chromosome 21, 

further suggesting a causal relationship between trisomy 21 in Down’s syndrome and AD 

pathology (Goldgaber et al., 1987; Robakis et al., 1987). These discoveries set the stage for 

further investigation in the field built on the premise that Aβ accumulation is the primary 

pathogenic event leading to Alzheimer’s dementia. 

Genetic investigations quickly linked mutations in the APP gene with early-onset AD, 

providing evidence that polymorphisms in the APP gene can drive early-onset amyloid pathology 

(Goate et al., 1991), although mutations across independent families were shown to be 

heterologous. Further characterization of APP mutants revealed that mutations within APP were 

generally localized in or flanking the region coding for the amyloid peptide that altered the 

processing of the gene product by proteases α-, β-, and γ- secretase, leading to increased 

production of Aβ peptide (Cai et al., 1993; Citron et al., 1992). Additionally, it was demonstrated 

that polymorphisms in the Presenilin 1 and Presenilin 2 (PSEN1, PSEN2) genes led to increased 

Aβ generation and altered APP processing through direct effect on γ-secretase (De Strooper et 

al., 1998; Levy-Lahad et al., 1995; Scheuner et al., 1996; Sherrington et al., 1995). These 

seminal studies pushed the field to focus research heavily on the proposed ‘amyloid cascade 
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hypothesis’ that postulated AD pathogenesis begins with missense mutations in APP, PSEN1, or 

PSEN2 genes leading to the downstream cascade of altered APP processing, increased Aβ 

production, and deposition in the form of diffuse plaques that represent the catalyst for 

widespread neuronal dysfunction and the clinical presentation of dementia (Hardy and Selkoe, 

2002). Additionally, mutations defined within the gene encoding the tau protein leading to 

frontotemporal dementia and neurodegeneration do not induce amyloid pathology, which has 

strengthened the hypothesis that Aβ seeding precedes neurofibrillary tangle formation and is the 

initial event leading to downstream neurodegeneration in AD (Hardy et al., 1998). 

 

1.2.2 Familial Alzheimer’s disease (fAD) 

Familial Alzheimer’s disease (fAD) is characterized by early age of dementia onset, 

ranging from 30 to 65 years of age, and accounts for 1-6% of overall cases (Bekris et al., 2010).  

The accelerated onset in fAD is driven by highly penetrant autosomal mutations in the coding 

sequence of PSEN1, PSEN2, or APP (Bertram and Tanzi, 2005; Chartier-Harlin et al., 1991; 

Goate et al., 1991; Janssen et al., 2003; Levy-Lahad et al., 1995; Rovelet-Lecrux et al., 2006; 

Scheuner et al., 1996). The Presenilins encode major components responsible for γ-secretase 

cleavage, and therefore modulate Aβ levels by altering cleavage of APP. Mutations in the APP 

and PSEN1 genes are associated with complete penetrance, while mutations in the PSEN2 gene 

show 95% penetrance (Goldman et al., 2011; Sherrington et al., 1996). Nearly 300 autosomal 

dominant pathogenic mutations within these three genes have been identified thus far, however 

novel disease-causing mutations continue to be revealed (Giau et al., 2019; Mutations | 

ALZFORUM, 2019) along with numerous variants of unknown pathogenicity. 

 

1.2.3 Sporadic Alzheimer’s disease (sAD) 

The late onset sporadic form of AD (sAD), associated with onset after the age of 65, 

accounts for more than 95% of all AD cases (Reitz et al., 2011; van der Flier and Scheltens, 

2005) and is directed by genetic and environmental risk factors. A genome wide association 

meta-analysis study of 94,437 individuals diagnosed with late onset AD, identified 25 risk loci that 
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regulate pathways of immunity, lipid metabolism, tau binding proteins, and amyloid precursor 

protein (APP) metabolism (Kunkle et al., 2019). Although numerous common and rare variants 

continue to be identified that may contribute to disease risk, polymorphism in the Apolipoprotein E 

(APOE) gene has been identified as the strongest risk factor for sAD (Corder et al., 1993; Liu et 

al., 2013; Saunders et al., 1993; Strittmatter et al., 1993), and continues to be replicated by 

GWAS analyses (Jansen et al., 2019; Kunkle et al., 2019). 

 

1.3 The Role of Apolipoprotein E (APOE) in Alzheimer’s Disease 

Apolipoprotein E (ApoE) is a cholesterol transport protein secreted primarily by astrocytes 

in the CNS, conferring its effect on neurons primarily through low-density lipoprotein (LDL) family 

of receptors (Grehan et al., 2001; Holtzman et al., 2012; R. E. Pitas et al., 1987; Robert E. Pitas 

et al., 1987). Human APOE is present as three main variants- ε2, ε3, and ε4- with typical allele 

frequencies of ~8%, ~75%, and ~15% respectively (Farrer et al., 1997; Raber et al., 2004). The 

ApoE isoforms differ by single amino acid substitutions at amino acid position 112 and 158: ε2 

(Cys112, Cys158), ε3 (Cys112, Arg158), ε4 (Arg112, Arg158). Compared to individuals with an 

APOE3/3 genotype, the presence of the ε2 allele confers ~40% decrease in risk of developing 

AD, while one or two copies of the ε4 allele introduce a 3-fold and up to ~12- fold increase in risk, 

respectively (Corder et al., 1994; Holtzman et al., 2012). Despite the relatively low population 

frequency of the ε4 allele, frequency among individuals with AD increases significantly to ~40% 

(Liu et al., 2013; Raber et al., 2004). In addition to Alzheimer dementia, the frequency of the ε4 

allele has been shown to be elevated in pure synucleinopathies without Alzheimer pathology such 

as pure dementia with Lewy bodies (pDLB) and Parkinson’s disease dementia (PDD) (Tsuang et 

al., 2013). Interestingly, this suggests that ApoE may be capable of facilitating neurodegeneration 

through non-amyloidogenic mechanisms. Further, it has been shown in human and rodent 

models that the ε4 allele exacerbates tau-mediated neurodegeneration and decreases age of 

onset in patients with tauopathy, independent of amyloid pathology (Koriath et al., 2019; Shi et 

al., 2017). Recent evidence in a mouse model of tauopathy suggests a role of ApoE in 
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modulating activation of microglia leading to neurodegeneration and tau pathogenesis (Shi et al., 

2019). 

The 299 amino acid ApoE protein is composed of two distinct domains, the N-terminal 

domain contains the receptor binding region whereas the C-terminal domain is responsible for 

lipid binding (Weisgraber, 1994). The LDL receptor family including LDLR and LDL receptor 

protein 1 (LRP1), as well as heparan sulfate proteoglycans (HSPG) are responsible for a majority 

of the ApoE and Aβ endocytosis in the CNS (Kanekiyo and Bu, 2014; Liu et al., 2013). ApoE and 

Aβ bound lipoproteins can be endocytosed by (i) direct interaction with LDL receptors (ii) the 

LRP/HSPG complex or (iii) HSPG alone (Mahley et al., 1999). The presence of Cys158 in the 

ApoE2 isoform impairs its ability to bind to LDL receptors (Kowal et al., 1990), making individuals 

homozygous for the ε2 allele susceptible to type III hyperlipoproteinemia (Weisgraber et al., 

1982). The conversion of ApoE2 cysteine residues at the 112 and 158 sites to a positively 

charged residue increases its receptor affinity. In contrast to the low binding affinity of ApoE2 to 

LDLR (~1-2% of ApoE3/4 binding), the binding affinity of ApoE2 to LRP1 is less affected (~40% 

of ApoE3/4 binding) (Kowal et al., 1990) and the binding affinity to HSPG is not isoform specific 

(Mahley and Rall, 2000). 

Several amyloid-dependent and -independent mechanisms have been postulated to 

explain the risk-modulating effects of various ApoE isoforms (Figure 1-1). Here, we will 

summarize the current data from various in vitro and in vivo studies that support each of these 

proposed mechanisms prior to focusing on hiPSC based studies in section 4. 

 

1.3.1 Lipidation status and Aβ binding 

Conflicting in vitro results obscure the extent of Aβ and ApoE interaction due to variations 

in purification and detection methods, source of the complex, and the molar ratio of the 

components (Tai et al., 2014). While some in vitro studies have indicated that the ApoE2 and E3 

isoforms are more lipidated than the pathogenic E4 isoform (Bell et al., 2007; Fu et al., 2016), 

others have found ApoE4 is more lipidated (DeMattos et al., 2001; Kara et al., 2017). Isoform 

specific differences in the lipidation of ApoE have shown to cause dramatic changes in its 
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structure, affecting its conformation and subsequent Aβ complex formation and receptor 

interaction (Saito et al., 2001). For instance, analysis of unpurified ApoE protein showed lipidated 

ApoE3 bound Aβ with higher avidity compared to ApoE4, but this isoform specific effect was 

abolished upon the purification of the protein, which involves its delipidation (LaDu et al., 1995). 

Although the isoform specific effect is lost, delipidated ApoE has been reported to bind to Aβ with 

~5-10-fold higher affinity than the lipidated forms (Tokuda et al., 2000). 

The glial ATP binding cassette proteins ABCA1 and ABCG1 are responsible for 

cholesterol and phospholipid transfer to ApoE in the CNS (Vance and Hayashi, 2010). It has been 

demonstrated that ABCA1 deficient astrocytes secrete smaller lipoprotein particles with 

significantly lower amounts of ApoE, effectively reducing cholesterol efflux (Hirsch-Reinshagen et 

al., 2004; Wahrle et al., 2004) that is crucial to neuronal health (Valenza et al., 2015, 2010; Zhang 

and Liu, 2015). In this vein, cholesterol efflux from ApoE3 astrocytes has been shown to be 

greater than that of ApoE4 astrocytes (Gong et al., 2002). Abca-/- FAD mice displayed lower 

ApoE levels but increased amyloid deposition, pointing to the importance of ApoE lipidation in Aβ 

clearance (Corona et al., 2016; Koldamova et al., 2005; Wahrle et al., 2005). Remarkably, the 

expression of ApoE4 but not ApoE3 reduced Aβ clearance in this Abca1-/+ FAD model (Fitz et 

al., 2012). These conflicting results of ApoE-Aβ binding experiments are likely due to the 

presence of Aβ in distinct pools in the monomeric, oligomeric and fibrillar forms both 

unassociated and complexed with ApoE (O’Brien and Wong, 2011; Steinerman et al., 2008). In 

addition, the size of these pools likely depends on Aβ levels and ApoE isoform specific binding 

affinity (Tai et al., 2013). 

 

1.3.2 Aβ production, degradation, deposition and clearance 

There are some data that has suggested that ApoE isoforms may differentially regulate 

Aβ production. For example, ApoE4 has been found to be associated with increased endocytosis 

of APP and production of Aβ relative to the E2 and E3 isoforms (He et al., 2007; Ye et al., 2005). 

Along similar lines, in several cell-based models ApoE has been found to increase APP 

transcription and subsequent Aβ production in the order E4>E3>E2 (Huang et al., 2017; C. Wang 
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et al., 2018). This role of ApoE in APP transcription has been supported by studies that have 

shown reduced levels of mature full-length APP in an ApoE deficient FAD mouse model relative 

to the wild type control (Dodart et al., 2002). 

ApoE isoform-specific differences in Aβ binding may directly result in differential Aβ 

clearance and subsequent deposition in the brain (Bales et al., 2009; Buttini et al., 2002; Dodart 

et al., 2005; Dolev and Michaelson, 2004; Fagan et al., 2002; Holtzman et al., 2000). Two main 

mechanisms result in Aβ clearance from the brain to mitigate deposition—transport across the 

blood brain barrier and cellular uptake. It has been shown that the clearance of Aβ-ApoE2 and – 

ApoE3 complexes is more effective through the blood brain barrier (Deane et al., 2008). 

Specifically, these studies demonstrated that Aβ-ApoE2 and -ApoE3 complexes were cleared at 

a rapid rate by both LRP1 and VLDL receptor (VLDLR) but Aβ-ApoE4 was cleared only through 

the slow VLDLR. In terms of clearance of Aβ by cellular uptake, ApoE isoforms have been found 

to influence binding and endocytosis by cell surface receptors on astrocytes where Aβ is 

degraded in the lysosome (Li et al., 2018). For example, the pathological acidification of 

endosomes in astrocytes expressing ApoE4, but not ApoE3, lowered surface presentation of the 

LRP1 which impaired Aβ clearance in vivo (Prasad and Rao, 2018). Additionally, astrocytic LRP1 

deficiency increased amyloid deposition in vivo (Liu et al., 2017a), while ApoE deficiency 

facilitated Aβ clearance (DeMattos et al., 2004). Thus, ApoE isoform specific differences in 

receptor affinity could affect Aβ clearance due to direct competition (Verghese et al., 2013) or 

ApoE-Aβ complex preference. The role of the ApoE2 isoform in these mechanisms is unclear and 

requires further investigation.  

In addition to clearance across the blood brain barrier, the degradation of Aβ by 

proteolytic enzymes such as neprilysin and insulin-degrading enzyme (IDE) secreted by microglia 

and astrocytes, is essential to its clearance (Farris et al., 2003; Iwata et al., 2000). While 

neprilysin and IDE deficiency leads to increased Aβ peptide levels and amyloid deposition in vivo 

(Farris et al., 2007, 2003; Iwata et al., 2001; Miller et al., 2003), their overexpression leads to 

more efficient clearance of the peptide and reduced amyloid burden (Hemming et al., 2007; Iwata 

et al., 2004; Leissring et al., 2003; Spencer et al., 2008). Related to these processes, lipidated 
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human ApoE increased Aβ degradation in the order E2>E3>E4 in ApoE deficient microglia by 

enhancing neprilysin and IDE activity (Jiang et al., 2008). 

 

1.3.3 Neurotoxicity 

Although astrocytes are the primary source for ApoE in the CNS under physiological 

conditions (Boyles et al., 1985), neurons produce ApoE in response to excitotoxic injury (Xu et al., 

2006) and astroglial factors (Harris et al., 2004; Xu et al., 2008). As such, neuronal, but not 

astrocytic, ApoE4 has been demonstrated to be more likely to undergo proteolysis compared to 

ApoE3 and produce truncated neurotoxic fragments in AD brains as well as cultured neurons 

(Brecht et al., 2004; Harris et al., 2003; Huang et al., 2001; Rohn, 2013). More specifically, a 

chymotrypsin-like serine protease secreted by neurons has been implicated in proteolytic activity 

that causes neurotoxic ApoE4 fragments to escape the secretory pathway and translocate to the 

cytosol where they lead to mitochondrial dysfunction and disrupted neurite outgrowth (Harris et 

al., 2003; Mahley and Huang, 2012; Tamboli et al., 2014). In addition, it has been established that 

ApoE4 displays a higher propensity to form neurotoxic fibrillar oligomers compared to the E2 and 

E3 isoforms, which might be responsible the isoform specific differences in amyloid plaque 

nucleation (Hatters et al., 2006). In a related study, astrocytic ApoE4, but not ApoE3 enhanced 

plaque seeding by increasing the half-life of Aβ, amyloid deposition and reducing amyloid induced 

gliosis in mouse brains (Liu et al., 2017). 

 

1.3.4 Protection against oxidative stress 

It is well established that Aβ induces astrocytic glutamate release and disrupts glutamate 

uptake by astrocytes and neurons (Li et al., 2009; Matos et al., 2008; Talantova et al., 2013). In 

vitro studies have suggested that ApoE protects against glutamate-induced toxicity by reducing 

oxidative stress (Lee et al., 2004; Zhou et al., 2013). Similarly, ApoE displayed an isoform- 

specific antioxidant activity (E2>E3>E4) in the presence of hydrogen peroxide (Miyata and Smith, 

1996). Finally, ApoE deficient mice have elevated levels of oxidative stress and increased 

antioxidant production, suggestive of ApoE’s protective role in the brain (Shea et al., 2002). 
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However, the isoform-specific effects of ApoE on oxidative stress observed with in vitro studies 

have not been recapitulated in vivo and have yielded conflicting results (Dose et al., 2016). 

 

1.3.5 Modulation of neuroinflammation 

Post-mortem analysis of brain tissue from AD patients has revealed chronic 

neuroinflammation (Gomez-Nicola and Boche, 2015). Mechanistically, it has been shown that Aβ 

induces an inflammatory response in the form of reactive gliosis (Canning et al., 1993; Heurtaux 

et al., 2010), which has been hypothesized to result in subsequent neurodegeneration (Lucin and 

Wyss-Coray, 2009). Several studies indicate that ApoE exhibits both anti- and pro- inflammatory 

activities. In one such study, exogenous ApoE in the presence of Aβ reduced the inflammatory 

response in glia cells (Guo et al., 2004). However, in the absence of Aβ, ApoE induced the 

secretion of pro-inflammatory cytokines, with ApoE4 eliciting a greater response than ApoE3. 

Additional research with in vitro models has shown that this ApoE isoform effect on 

neuroinflammation is cell-type dependent (Maezawa et al., 2006). Specifically, the inflammatory 

response in microglia derived from ApoE targeted replacement (TR) mice was greater in E4 

microglia (E4>E3>E2) (Maezawa et al., 2006) but cytokine secretion by astrocytes followed the 

reverse order, with the highest response elicited in E2 astrocytes (E2>E3>E4) (Maezawa et al., 

2006). By comparison, in vivo studies have not fully recapitulated these context-specific effects of 

various ApoE isoforms. Instead, in vivo studies have consistently showed that ApoE4 promotes 

higher levels of inflammation relative to ApoE2 and ApoE3 (Shi et al., 2017; Zhu et al., 2012). 

Consistent with these findings, compared with patients without any ApoE4 alleles, AD patients 

with at least one copy of ApoE4 displayed significantly higher levels of the pro-inflammatory 

cytokines IL‐1β and IL‐6 (Olgiati et al., 2010). 

 

1.3.6 Synaptic plasticity and integrity 

Soluble Aβ oligomers have been shown to cause synaptic dysfunction and impair long- 

term potentiation (LTP) prior to the amyloid deposition (Selkoe, 2002). In healthy brains, the 

extracellular matrix protein Reelin promotes LTP by binding to the Apoer2-VLDLR complex in 
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postsynaptic neurons and activating NMDA receptors to strengthen synaptic networks (Wasser 

and Herz, 2017). Moreover, Reelin antagonizes Aβ-mediated LTP suppression that occurs in AD 

(Durakoglugil et al., 2009). As it relates to the effects of ApoE on this process, in a study with 

primary cortical neurons ApoE4 reduced the recycling and cell surface expression of Apoer2, 

impairing Reelin-mediated LTP (Chen et al., 2010). These results were supported by in vivo work 

where ApoE genotype influenced Aβ-induced LTP suppression in the order E4 > E3 = apoE-KO > 

E2 (Trommer et al., 2005). Other studies have shown that ApoE can indirectly affect synaptic 

integrity through the action of astrocytes. For example, Chung and colleagues demonstrated that 

ApoE controlled the rate of synaptic pruning of astrocytes in an isoform- specific manner 

E2>E3>E4 (Chung et al., 2016). In turn, it is hypothesized that this defective phagocytic capacity 

of ApoE4 astrocytes may increase the rate of C1q-coated senescent synapses, thereby leading 

to increased synaptic vulnerability to complement-cascade mediated neurodegeneration (Chung 

et al., 2016). 

 

1.4 Human Induced Pluripotent Stem Cells as a Tool to Model Alzheimer’s Disease 

In 2007, Yamanaka and colleagues first described the generation of human induced 

pluripotent stem cells (hiPSCs) from human somatic cells through retroviral overexpression of 

transcription factors KLF4, c-MYC, OCT4, and Sox2 (Takahashi et al., 2007). More recently, 

advances in reprogramming technologies have allowed for the generation of integration-free 

hiPSCs using sendai viruses (Fusaki et al., 2009), mRNA (Warren et al., 2010), and episomal 

vector expression (Junying et al., 2009; Okita et al., 2011). HiPSCs provide a nearly unlimited 

starting material from which specialized cell types that mimic those found in the adult human body 

can be generated. As such, directed differentiation protocols, largely based on the modulation of 

the chemical microenvironment, have been developed to generate the various neurons and 

supporting cell types of the central nervous system (CNS) from hiPSCs. Specifically, robust 

protocols have been developed for the differentiation of hiPSCs to neurons (Bardy et al., 2015; 

Begum et al., 2015; Zhang et al., 2013), astrocytes (Shaltouki et al., 2013; TCW et al., 2017; 

Zhao et al., 2017), microglia (Abud et al., 2017) and oligodendrocytes (Wang et al., 2013). More 
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recently, overexpression of specific transcription factors in the context of developmentally 

relevant signaling molecules has allowed for the differentiation of hiPSCs to relatively 

homogenous neural cell types (Nehme et al., 2018; Sun et al., 2016; Zhang et al., 2013). 

Numerous studies have shown that neural cells derived from both fAD and sAD hiPSCs display 

disease-relevant phenotypes such as elevated secreted Aβ42 levels, increased Aβ42/40 ratio, 

and hyperphosphorylation of tau at various epitopes (Arber et al., 2019; Israel et al., 2012; 

Muratore et al., 2014; Ochalek et al., 2017). Together, these pioneering studies laid the 

groundwork for hiPSC modeling of AD by validating that an accessible, human cell-based 

platform can be used to study potential mechanisms by which identified mutations modulate 

detectable disease-relevant phenotypes. Here, we will discuss how hiPSC-based models provide 

a valuable resource for studying AD-related mechanisms and elucidating the processes by which 

defined risk factors, such as ApoE, influence disease onset and progression (Table A-1). 

 

1.4.1 Genetic modification of hiPSCs for disease modeling 

To date, numerous hiPSC lines have been developed from patients with diverse genetic 

variants and repositories have been established to provide researchers access these cell lines for 

disease modeling (e.g. CIRM, WiCell, NYSCF, Coriell). However, genetic diversity among patient 

samples may make it difficult to tease apart observed phenotypic differences because of their 

inherent genetic and epigenetic diversity. To this end, the development of genome engineering 

tools has greatly increased the utility of hiPSCs by allowing targeted modifications without altering 

the genetic background (Brookhouser et al., 2017a). Specifically, the CRISPR/Cas9 system has 

provided major advances in efficient genome engineering of mammalian cells allowing for editing 

at single base pair resolution (Cong et al., 2013; Paquet et al., 2016). It is estimated that over 

10,000 human diseases are caused by monogenic mutations (World Health Organization), 

allowing the possibility of inducing or correcting disease-relevant gene mutations and comparing 

to the parental, or isogenic, cell line. As we will discuss, the use of such isogenic cell lines with 

identical genetic background has become the gold standard in modeling and analyzing the effects 

of AD-related mutations and risk factors. 
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1.4.2 Modeling of fAD with hiPSC-based models 

Numerous studies have employed hiPSCs derived from patients with fAD-related 

mutations in PSEN1/2 and APP to demonstrate the utility of such models in recapitulating 

disease-relevant phenotypes in vitro. As it relates to PSEN1/2, hiPSC-derived neurons from fAD 

patients harboring various mutations in PSEN1 (ΔE9 (Woodruff et al., 2013), V89L (Nemes et al., 

2016), M146L (Liu et al., 2014), M146V (Paquet et al., 2016), L150P (Ochalek et al., 2017), 

H163R (Liu et al., 2014), L166P (Koch et al., 2012), ΔS169 (Yang et al., 2017), A246E (Armijo et 

al., 2017; Liu et al., 2014; Yagi et al., 2011), D385N (Koch et al., 2012)), and PSEN2 (N141I (Yagi 

et al., 2011; Yu et al., 2010)) have been analyzed for disease-relevant phenotypes. While 

analysis of cells from all PSEN1/2 mutations revealed an increased Aβ42/40 ratio compared to 

control lines, only the L166P and ΔE9 increased this ratio by decreasing Aβ40 whereas for all 

other mutations an increase in Aβ42 was responsible for an elevated ratio. As such, through the 

study of neurons from these various hiPSC lines it has been suggested that PSEN1/2 mutations 

might be context-specific with some mutations causing a toxic gain-of-function through elevated 

Aβ42 production and others inducing a loss-of-function through decreased Aβ40 generation. In 

addition, further phenotypic characterization of cells revealed other disease-specific phenotypes 

including higher levels of phosphorylated tau (Ochalek et al., 2017; Yang et al., 2017), sensitivity 

to neurotoxic stimuli (Armijo et al., 2017), and electrophysiological deficits (Ortiz-Virumbrales et 

al., 2017). Importantly, in some of these studies genetic engineering approaches were used to 

correct these disease-causing mutations to establish direct causal links between genotype and 

phenotype (Ortiz-Virumbrales et al., 2017; Woodruff et al., 2013). 

With regards to familial mutations in APP, neurons generated from hiPSCs with various 

APP mutations including missense (V717I (Muratore et al., 2014), V717L (Shirotani et al., 2017)), 

truncation (E393Δ (Kondo et al., 2013)), duplication (DP ((Israel et al., 2012)), and triplication (TP 

(Ovchinnikov et al., 2018; Shi et al., 2012)) have been extensively phenotypically characterized. 

For example, Israel et al. (Israel et al., 2012) demonstrated that neurons generated from hiPSCs 

with a duplication in the APP gene (APPdp) exhibited higher levels of Aβ, hyperphosphorylated 

tau, and increased activity of the GSK3β kinase compared to healthy control lines. Critically, this 
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study validated the production of detectable disease phenotypes in hiPSC-derived neurons within 

weeks of culture, despite the relatively long time required for phenotypes to become evident in 

AD patients. Moreover, treatment of APPdp neurons with β- secretase (BACE) inhibitors reduced 

tau phenotypes and reduced GSK3β activity (Israel et al., 2012). 

In a similar study, neurons generated from APPV717I hiPSCs displayed elevated 

Aβ42/40 levels with a corresponding increase in phosphorylated tau that was reduced through γ-

secretase inhibition (Moore et al., 2015). Likewise, treatment of APPV717I hiPSC derived 

neurons with Aβ-specific antibodies ameliorated elevated tau levels (Muratore et al., 2014). 

Together, these studies establish a causal relationship between APP processing and tau-related 

phenotypes. Alternatively, a recent study highlighted that genome modification to restore a 

euploid karyotype in neurons generated from an individual with Down syndrome rescued Aβ 

phenotypes due to APP gene dose, however, was insufficient to reduce tau hyperphosphorylation 

(Ovchinnikov et al., 2018). These data challenge the proposed model that elevated Aβ is directly 

responsible for downstream tau pathology, suggesting that a more complex mechanism may 

govern disease progression. 

HiPSC-based systems have also allowed for the investigation of the precise molecular 

mechanisms that lead to these mutation-specific phenotypes. For example, neurons derived from 

APPV717I mutant hiPSCs demonstrated abnormal subcellular localization of APP within acidic 

early endosomes containing active BACE, modulating APP processing by β- and γ- secretase 

and potentially driving increased levels of Aβ and phosphorylated tau (Muratore et al., 2014). In 

another study, it has been shown that APPdp hiPSC-derived neurons exhibit a similar early 

endosome accumulation phenotype that may be driven by increased β-CTF levels (Israel et al., 

2012). Similarly, analysis of neurons from fAD-hiPSC with mutations such as PSEN1ΔE9, 

APPV717F, and APPswe revealed increased β-CTF generation and impairment of lipoprotein 

endocytosis and transcytosis to the axon, suggesting that fAD mutations may result in 

convergence on common molecular pathways (Woodruff et al., 2016). On the other hand, a 

recent phenotypic screen of seven diverse fAD hiPSC lines revealed that APP mutations altered 

γ-secretase cleavage site preference whereas PSEN1 mutations altered amyloid peptide profile 
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through several mechanisms including decreased γ-secretase activity, decreased protein stability, 

and reduced PSEN1 maturation (Arber et al., 2019). 

Non-neuronal cells, specifically astrocytes and microglia, play an important role in 

maintaining brain homeostasis and aberrant function of these effector cells has been shown to be 

a major contributor to brain dysfunction in AD (Colombo and Farina, 2016; Dzamba et al., 2016; 

V. M. Sofroniew and Vinters, 2010). Because hiPSCs can be directed into precise cell types, 

hiPSC-based models have been employed to investigate cell type-specific effects in fAD. For 

example, Oksanen et al. demonstrated that hiPSC-derived astrocytes with a PSEN1ΔE9 point 

mutation exhibited AD-relevant phenotypes including increased levels of Aβ production and 

decreased Aβ clearance, as well as altered cytokine secretion, mitochondrial metabolism, and 

Ca2+ homeostasis (Oksanen et al., 2017). Importantly, these phenotypes were reversed upon 

isogenic correction of the PSEN1 mutation, demonstrating a direct genotype-to-phenotype 

relationship. In another study, astrocytes from several isogenic hiPSCs lines harboring mutations 

in APP were examined (Fong et al., 2018). Notably, astrocytes derived from hiPSCs homozygous 

for the APP Swedish (APPSwe/Swe) mutation displayed Aβ endocytosis defects due to increased 

β-secretase cleavage whereas astrocytes with other APP mutations, such as V717F, did not 

display these deficits. 

The use of hiPSCs to study ApoE in the context of these fAD related mutations has been 

limited. To date, the majority of studies have primarily employed lines homozygous for the ε3 

allele or of an unreported genotype. In the future, the use of genome editing technologies to 

generate fAD hiPSC lines with various ApoE isoforms will allow for the determination of the extent 

to which the introduction of various APOE alleles modulates disease-related phenotypes. 

 

1.4.3 Investigating effects of APOE genotype in AD with hiPSC models 

Broadly speaking, the presence of disease-related phenotypes in cells generated from 

sAD hiPSCs have been highly variable (Duan et al., 2014; Israel et al., 2012). For example, one 

of the earliest iPSC models of sAD compared neurons derived from two sAD patients with iPSC- 

derived neurons of two fAD and non-demented control individuals (Israel et al., 2012). Neurons 
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derived from one of the two sAD lines used in this study exhibited higher levels of Aβ40, p-Tau 

and active glycogen synthase kinase-3β (GSK3β), similar to the phenotype observed in fAD 

derived neuronal cultures. In a related study, analysis of neurons derived from several 

independent sAD hiPSC lines revealed elevated Aβ42/40 ratios only in a subset of the lines 

(Duan et al., 2014). Despite the variability in observed phenotypes in sAD hiPSC models, these 

studies provided proof-of-principle for using hiPSC-based models to investigate the role of 

various AD risk factors, such as ApoE, in a simplified and accessible system. 

 

1.4.3.1 Phenotypic characterization of hiPSC lines with various APOE genotypes 

Over the past several years, numerous hiPSC lines have been generated from 

individuals with various ApoE genotypes (Brookhouser et al., 2018, 2017b, 2017c; Peitz et al., 

2018; C. Wang et al., 2018; Zhao et al., 2017; Zollo et al., 2017; Zulfiqar et al., 2016a, 2016b). 

Detailed biochemical analysis and phenotypic characterization of neural cells derived from these 

hiPSC lines have revealed several interesting ApoE isoform-specific effects. In one such study, 

neurons were derived from hiPSCs homozygous for APOE4 and APOE3 (C. Wang et al., 2018). 

This analysis revealed that Aβ secretion, p-Tau levels, and GABAergic neuron degeneration were 

elevated in APOE4/4 neurons when compared to APOE3/3 neurons. Moreover, treatment of 

these cells with β- or γ-secretase inhibitors decreased Aβ40 and Aβ42 levels in the culture 

medium while phosphorylated tau levels were unaffected, suggesting p-Tau accumulation occurs 

in an Aβ-independent manner. A related study attempted to use hiPSC-derived neurons to 

examine the mechanism behind this isoform- specific effect on Aβ levels (Huang et al., 2017). 

Specifically, Huang et al. demonstrated that ApoE binding to neuronal ApoE receptors activated a 

non-canonical MAPK pathway which led to cFos phosphorylation. In turn, the transcription factor 

activating protein-1 (AP-1) became activated, which increased expression of APP and, 

subsequently, Aβ levels in the rank order ApoE4>ApoE3>ApoE2. In a complementary study, 

Zollo et al. demonstrated that ApoE modulated sortilin-receptor (SORL1)-related APP trafficking 

and processing (Zollo et al., 2017). Specifically, the authors showed that in APOE4 neurons there 

was increased Aβ/SORL1 localization along the degenerated neurites when compared to 
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neurons without an APOE4 allele. Moreover, SORL1 binding to APP was compromised in these 

APOE4 neurons which contributed to elevation of secreted Aβ. 

Additional studies have revealed other neuronal phenotypes associated with various 

ApoE isoforms. For example, when co-cultured with neurons, APOE3/3 hiPSC-derived astrocytes 

provided neuroprotective effects when compared to neurons cultured with APOE4/4 astrocytes 

(Zhao et al., 2017). In addition, APOE genotype influenced synaptic integrity as demonstrated by 

the increased expression of synaptic proteins in neurons co-cultured with APOE3/3 astrocytes 

relative to those cells co-cultured with APOE4/4 astrocytes (Zhao et al., 2017). Mechanistically, a 

parallel study of hiPSC-derived neurons treated with recombinant ApoE suggests that this altered 

synaptogenesis is mediated by CREB activation in the rank order ApoE4>ApoE3>ApoE2 (Huang 

et al., 2019). 

HiPSC-based models have also been used to examine the effect of APOE genotype in 

other neural cell types. For example, Zhao et al. characterized the lipidation status of ApoE 

secreted from astrocytes differentiated from APOE3/3 and APOE4/4 hiPSCs (Zhao et al., 2017). 

This analysis revealed that ApoE produced by APOE3/3 astrocytes was more lipidated than that 

produced by APOE4/4 cells. The authors speculate that this reduced cholesterol transport from 

APOE4/4 astrocytes could be detrimental to neuronal health. In a separate study, microglia 

differentiated from a library of hiPSCs with various fAD mutations and APOE genotypes were 

examined. These experiments showed that microglia derived from APOE4 iPSCs demonstrated 

aberrant functional phenotypes including decreased chemokinesis, reduced phagocytosis and 

aggravated cytokine response to inflammatory stimuli compared to microglia derived from hiPSCs 

harboring fAD mutations (Konttinen et al., 2019).  

 

1.4.3.2 Engineering hiPSCs to elucidate APOE genotype-to-phenotype relationships 

Although the analysis of hiPSC lines derived from patients with various APOE genotypes 

has revealed some potential isoform-specific effects, the analysis of these phenotypic effects has 

been somewhat confounded by the genetic and epigenetic differences inherent in individual 

hiPSC lines derived from distinct patients. To that end, advances in genome editing technologies 
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has allowed for the generation of isogenic hiPSC lines from both NDC and AD patients that will 

only differ with respect to their APOE genotype and not their genetic background. 

In a landmark study using CRISPR/Cas9-edited hiPSCs, Lin et al. examined the effect of 

APOE genotype in hiPSC-derived neurons, astrocytes, and microglia (Lin et al., 2018). Relative 

to the APOE3/3 counterparts, APOE4/4 neurons had a higher number of synapses, more early 

endosomes, and increased Aβ42 secretion. In addition, APOE4/4 astrocytes demonstrated less 

efficient Aβ clearance, lower ApoE levels, and accumulation of cholesterol. Likewise, APOE4/4 

microglia had impaired Aβ42 uptake while also displaying an altered inflammatory profile. 

Moreover, transcriptome profiling of all three cell types was consistent with these phenotypes as 

the ApoE variant modulated the expression of several pathways associated with synaptic 

function, lipid metabolism, and immune response. Finally, isogenic conversion of sAD hiPSCs 

from APOE4/4 to APOE3/3 reversed these defects, as observed by the reduced number of 

synapses in neurons, as well as restored ApoE levels and Aβ uptake capacity in astrocytes and 

microglia. A separate study employing isogenic lines also confirmed many of these isoform- 

dependent effects (C. Wang et al., 2018). Specifically, conversion of APOE4 hiPSCs to an 

APOE3 genotype increased the levels of full-length ApoE in neuronal lysates and decreased 

Aβ42 secreted into the culture media. In addition to these effects, this analysis also revealed that 

this conversion resulted in fewer phosphorylated tau-positive GABAergic neurons. Finally, the 

introduction of the APOE3 alleles rescued the degeneration of GABAergic neurons observed in in 

APOE4/4 neuronal cultures, as measured by increased levels the synaptic marker GAD67. 

The use of genetically modified hiPSCs lines have also allowed for the identification of 

novel target pathways that are influenced by APOE genotype. For example, Meyer et al. report 

that accelerated differentiation and reduced progenitor cell self-renewal was observed in neural 

cultures derived from APOE4/4 hiPSCs (Meyer et al., 2019). In addition, the authors 

demonstrated that the function of the transcriptional repressor REST was impaired in APOE4/4 

cells. Moreover, the loss of REST function was attributed to reduced nuclear translocation and 

chromatin binding. Importantly, gene editing of these cells to an APOE3/3 genotype reversed 

these observed phenotypes. Because REST plays a role in the repression of neuronal genes 
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during early nervous system development, the authors speculated that ApoE4-depdent 

dysregulation of REST may reduce hippocampal adult neurogenesis through depletion of the 

endogenous neural progenitor pool. In turn, this effect may accelerate the onset of AD by 

reducing this regenerative capacity. 

Existing in vitro models of AD are largely monotypic, with disease progression, phenotype 

and drug development in neuronal cultures. The complexity of modelling SAD in vitro however 

necessitates the addition of other cell types identified with risk variants like astrocytes (APOE) and 

microglia (TREM2). The completion of this study will advance our understanding of the molecular 

mechanisms that underlie astrocyte dysfunction in AD in addition to improving currently existing in 

vitro AD models for the high throughput screening of potential therapeutics.  

 

1.5 Specific Aims 

This study investigates the mechanism underlying the protective effect of APOE2 in AD by 

addressing the following specific aims. 

 1.5.1 Specific Aim 1 

Generate, characterize and evaluate the scalability and cryopreservation-potential of functional 

astrocytes derived from fAD-hiPSC lines so as to develop assays to measure AD phenotype across 

multiple cell lines. 

 1.5.2 Specific Aim 2 

Develop and characterize a system to evaluate the cell- type specific contribution of both neurons 

and astrocytes to AD phenotype in APOE2 and APOE3 isogenic neural cultures derived from fAD 

and non-demented control patient iPSCs. 

1.5.3 Specific Aim 3 

Elucidate differences in APP processing between APOE2 and APOE3 isogenic neural cultures by 

investigating pathway intermediates that may confer a protective effect to APOE2. 

 

 

 



  20 

Acknowledgments 

Funding for this work was provided by the NIH-NIA (5R21AG056706). The text and 

figures in Chapter 1 are in part reproductions from: Raman S*, Brookhouser N*, Brafman DA. 

2020. Using human induced pluripotent stem cells (hiPSCs) to investigate the mechanisms by 

which Apolipoprotein E (APOE) contributes to Alzheimer’s disease (AD) risk. Neurobiology of 

Disease. 138 (2020) 1047882. *=Co-first author. The dissertation author was a primary author 

pertaining to this work. 

 

 

 

 

 

 



  21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. APOE Isoform Specific Effects in AD. 

Amyloid-β (Aβ) is produced primarily by neurons in the brain (①) where it interacts with lipidated 

ApoE secreted by microglia and astrocytes (②) in an isoform specific manner. ApoE4 promotes 

the oligomerization and aggregation of Aβ (③) and the subsequent deposition of plaques (④) in 

vivo. Cell surface low-density lipoprotein receptor (LDLR), LDLR-related protein 1 (LRP1) and 
heparan sulfate proteoglycan (HSPG) receptors mediate the endocytosis of Aβ by astrocytes and 
microglia. In addition to promoting the production and aggregation of Aβ, ApoE4 impairs Aβ 
clearance by reducing cellular uptake and transport across the blood brain barrier in vivo (⑤). 

ApoE2 overexpression enhances the proteolytic degradation of Aβ by insulin-degrading enzyme 
(IDE) and neprilysin produced by microglia and astrocytes (⑥). The enhanced proteolysis of 
neuronal ApoE4 by a chymotrypsin-like serine protease produces neurotoxic fragments (⑦). 

ApoE4-astrocytes exhibit reduced synaptic pruning capacity triggering the synaptic accumulation 
of the complement-component 1q (C1q) protein, possibly inducing complement pathway mediated 
neurodegeneration in vivo (⑧). ApoE4 expression also elicits a prolonged increase in pro-

inflammatory cytokine secretion by astrocytes and microglia leading to chronic neuroinflammation 
and neurodegeneration (⑨). ApoE isoform specific roles in these processes are indicated. Figure 

was generated with the assistance of Biorender. 
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CHAPTER 2 

GENERATION OF HUMAN INDUCED PLURIPOTENT STEM CELL (HIPSC) DERIVED 

ASTROCYTES 

 

2.1 Introduction 

Astrocytes are an abundant, specialized non-neuronal cell type in the central nervous system 

(CNS) that have numerous functions in maintaining healthy neural tissue including axonal 

development and guidance, synapse formation and function, ion and neurotransmitter balance, 

and energy metabolism (De Pittà et al., 2016; Khakh and Sofroniew, 2015; Oberheim et al., 2006; 

M. V. Sofroniew and Vinters, 2010). In addition, astrocytes are important mediators in response to 

traumatic injury and infectious agents (Khakh and Sofroniew, 2015; Zhang and Barres, 2010). 

Moreover, death or dysregulation of astrocytes has been implicated in numerous CNS 

pathologies and disorders such as multiple sclerosis, Alzheimer’s disease (AD), amyotrophic 

lateral sclerosis (ALS), and Parkinson’s disease (M. V. Sofroniew and Vinters, 2010). Because of 

the diverse roles that astrocytes play in CNS homeostasis and disease, there is a critical need for 

models to study astrocyte biology in vitro and strategies to replace diseased astrocytes in vivo. 

 Advances in cellular reprogramming have allowed for the generation of human induced 

pluripotent stem cells (hPSCs) that can be used to dissect disease mechanisms on a cellular 

level, evaluate potential therapeutics on human cells with euploid karyotypes, and provide the 

unlimited raw material for cell-based therapies. Specifically, hPSC-derived astrocytes have 

allowed for the study of a variety of neurodegenerative diseases in a simplified and accessible 

system (Gonzalez et al., 2017). In addition, astrocytes generated from hPSCs have enabled a 

variety of novel neurotoxicity and drug screening paradigms (Oksanen et al., 2019; Pei et al., 

2016). Finally, astrocytic populations produced from hPSCs have shown promise in replacing the 

diseased and damaged tissue in conditions such as ALS, stroke, and AD (Izrael et al., 2018; 

Kokaia et al., 2018; S.-M. Wang et al., 2019). 

 Despite these advances, according to several technology roadmaps developed by the 

regenerative medicine industry, scalable and adaptable culture methods that employ cost-
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effective, chemically defined substrates are still needed to generate the large quantities of cells 

required for downstream applications in disease modeling, drug screening, and cell-based 

therapies (Aijaz et al., 2018; Hunsberger et al., 2019, 2018; Shariatzadeh et al., 2020).  More 

specifically, current biomanufacturing techniques are limited by the following. First, current 

differentiation protocols employ undefined substrates such as MatrigelTM (Serio et al., 2013) or 

extracellular matrix proteins (ECMPs) isolated from animal sources (Haidet-Phillips et al., 2014; 

Krencik et al., 2011; Roybon et al., 2013; Shaltouki et al., 2013). In turn, such heterogeneous, 

xenogeneic components not only pose a risk of transmitting adventitious pathogens but also 

suffer from batch-to-batch variability which might limit their compatibility with downstream clinical 

applications (De Sousa et al., 2016; Stacey et al., 2019). Second, conventional astrocyte 

generation strategies employ traditional two-dimensional (2-D) culture techniques which do not 

allow for production of large cell quantities needed for drug screening and cell-based therapies. 

For example, it has been estimated that 109 to 1010 cells will be required to screen a 1 million-

compound library or provide a single therapeutic dose (M. M. Silva et al., 2015; Simaria et al., 

2014), which will not be achievable with typical 2-D differentiation methods. Lastly, existing 

schemes require the differentiation of astrocytes in real-time immediately prior to their application 

and do not allow for their long-term storage to enable point of use (Lin et al., 2017; M. Silva et al., 

2015). 

 In previous work, we identified a completely synthetic substrate, termed vitronectin-

derived peptide (VDP), that allowed for the long-term expansion and neuronal differentiation of 

multiple human neural progenitor cell (hNPC) lines (Varun et al., 2017). Here, we significantly 

expand upon this work to use this peptide as a fully defined surface for the differentiation of 

astrocytes from multiple independent hPSC lines. We demonstrate that these cell populations 

express high levels of canonical astrocytic markers and display a genome-wide transcriptional 

profile that is indistinguishable from cells generated on conventional animal-derived ECMP-based 

surfaces. Moreover, these populations displayed properties of functionally mature astrocytes 

including production of Apolipoprotein E (APOE), responsiveness to inflammatory stimuli, ability 

to uptake amyloid-β (Aβ), and presentation of robust calcium transients. In addition, we 
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demonstrate that this defined peptide substrate is compatible with scalable microcarrier (MC)-

based techniques. Finally, we establish that these astrocytes can be cryopreserved without any 

loss of functionality. Overall, the strategies developed here will enable biomanufacturing 

processes for the large-scale production and long-term storage of hPSC-derived astrocytes 

needed for downstream application in disease modeling, drug screening, and regenerative 

medicine. 

 

2.2  Experimental Methods 

 

2.2.1  Synthesis of vitronectin derived peptide (VDP) 

Peptide synthesis was performed as we previously described (Srinivasan et al., 2018). 

 

2.2.2  Human neural progenitor cell (hNPC) generation and expansion 

Human neural progenitor cells (hNPCs) were generated and culture similar to as 

previously described (Varun et al., 2017). Briefly, hNPCs were culture on laminin (LN) or VDP-

coated tissue culture plates in the presence of neural expansion medium [NEM; 1X DMEM-F12 

(ThermoFisher), 0.5% (v/v) N2 supplement (Thermo Fisher), 1% (v/v) B27 supplement (Thermo 

Fisher), 1% (v/v) GlutaMAX supplement (Thermo Fisher), 1% (v/v) Penicillin Streptomycin 

(Thermo Fisher), 30 ng/ml FGF2 (STEMCELL Technologies), and 30 ng/ml EGF (STEMCELL 

Technologies)]. Every 3-4 days hNPCs were enzymatically passaged with Accutase 

(ThermoFisher) onto freshly coated LN or VDP plates.  

 

2.2.3  Differentiation of hNPCs to astrocytes on 2-D surfaces 

HPSC-derived astrocytes were generated as previously described (Zhao et al., 2017). 

Briefly, astrocytes were differentiated for a minimum of 50 days (unless otherwise noted) on  LN- 

or VDP-coated plates by culturing high passage (> passage 6) hNPCs cultured in astrocyte 

differentiation medium [ADM; 1X complete astrocyte medium (ScienCell), 10ng/ml human 
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recombinant BMP4 (STEMCELLTechnologies), 10ng/ml human recombinant Heregulin-β 

(STEMCELLTechnologies), and 10ng/ml human recombinant CNTF (STEMCELLTechnologies)].  

 

2.2.4  VDP and LN coating of microcarriers (MCs) 

MCs (Corning Enhanced Attachment Microcarriers) were coated with VDP or LN using 

methods similar to those as previously described (Srinivasan et al., 2018) . 

 

2.2.5  Differentiation of hNPCs to astrocytes on MCs 

HNPCs were seeded on VDP-coated MCs in 6-well ultra-low attachment plates (Corning) 

with 1.5 x 106 cells per well and 1 mg/mL MCs. The cells and MCs were suspended at half the 

final culture volume of 4mL in NEM supplemented with 5µM Rho kinase inhibitor (ROCKi Y-

27632). The plates were then placed in the incubator for 12 hours to allow for cell attachment. 

The rest of the media and ROCKi were added to the cultures after 12 hours and the cells were 

placed on an orbital shaker at 95 rpm; the cultures were agitated for the rest of the culture period. 

After 24 hours of seeding the hNPCs on MCs, the media was switched to ADM to start hNPC 

differentiation to astrocytes. Cells were maintained in ADM for 50 days with half media changes 

every day until further analysis or replating. Cells were removed from the MCs by incubating in a 

papain solution containing Earle’s balanced salt solution (Alfa Aesar), 20U/mL papain 

(Worthington), 1mM L-Cysteine, 22.5mM D-glucose, 26mM NaHCO3 and 125U/mL DNase 

(Roche) for 20 minutes at 37°C and then triturated with an inhibitor solution containing 1mg/mL 

ovomucoid inhibitor (Roche) and 1mg/mL BSA (Sigma). A 40µm cell strainer was used to 

separate the cells from the MCs and the cells were seeded on freshly coated VDP MCs. 

 

2.2.6  Differentiation of hNPCs to neurons on MCs 

HNPCs were differentiated to neurons on MCs as previously described (Srinivasan et al., 

2018). HNPCs were differentiated on MCs for a minimum of 30 days before further analysis or 

replating. 
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2.2.7  Flow cytometry analysis 

Cells were processed for flow cytometry analysis using an ACCURI C6 (BD Biosciences) 

as previously described (Srinivasan et al., 2018).   For viability assessment, cells were stained 

with 0.01mg/mL propidium iodide (Thermo Fisher) in PBS. Supplementary Table B.1 lists 

antibodies and isotype negative controls used in this study. 

 

2.2.8  Quantitative PCR (qPCR) 

Gene expression was measured using qPCR and normalized to 18S rRNA levels as 

described previously (Srinivasan et al., 2018). The list of specific primer sequences that were 

employed in qPCR analysis is provided in Supplementary Table B.2. 

 

2.2.9  Immunofluorescence 

Immunofluorescence staining of cells on 2D and MC surfaces as well as subsequent 

image analysis was performed as previously described (Srinivasan et al., 2018). Primary and 

secondary antibodies that were used are listed in Supplementary Table B.1. All images were 

acquired on an automated confocal microscope (Leica TCS SP5) or EVOS microscope.  

 

2.2.10 RNA-seq analysis 

All sequencing was performed at BGI Americas Corporation using BGISEQ-500 for a 

single end 50 bp run as described previously (Srinivasan et al., 2018). Reads were subsequently 

mapped to the hg19 human reference genome using STAR 2.5.2b (Dobin et al., 2013). 

Differential analysis was performed using gene counts obtained from featureCounts (Liao et al., 

2014) in EdgeR.(Robinson et al., 2010). Gene ontology analysis was performed using lists of 

differentially expressed genes in DAVID (Huang et al., 2009). 

 

2.2.11 Cytokine bead array 

Astrocytes were seeded in a 24 well plate at a density of 25 x 103 cells per well. Three 

days later, cells were treated with 25g/mL lipopolysaccharide (ThermoFisher) for 24 hours as 
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previously described (TCW et al., 2017). The cell supernatant was collected after 

lipopolysaccharide treatment and stored at -20C and thawed on ice before cytokine analysis 

using the LEGENDplex™ Human Inflammation Panel (Biolegend) as directed by the 

manufacturer. The samples were subsequently analyzed on an Attune NxT Flow Cytometer 

(ThermoFisher) and cytokine concentration was determined using the LEGENDplex™ data 

analysis software. 

 

2.2.12 Apolipoprotein E (APOE) ELISA 

Astrocytes were seeded in a 12 well plate at a density of 1105 cells per well. Three days 

later, the cell supernatant was concentrated using Amicon Ultra filters (EMD Millipore) and stored 

at -80C until analysis. APOE levels in the medium were measured with the Human APOE (AD2) 

ELISA Kit (Thermo Scientific). 

 

2.2.13 Calcium imaging 

For calcium imaging analysis, astrocytes were seeded at a density of 2105 in a glass 

40mm dish. Cells were incubated with 2M Fluo-4 AM (ThermoFisher) and 0.02% Pluronic™ F-

127 in DMEM for 15 min at 37C. After one wash in HEPES-buffered Tyrode’s solution (Alfa 

Aesar), they were allowed to de-esterify at room temperature for 20 minutes prior to imaging on a 

Zeiss AxioObserver Z1. Fluorescent time-lapse images were acquired (20x objective) at 1 s 

intervals for 360 s. Calcium spike traces were generated by quantifying the mean pixel intensity of 

manually identified regions of interest using the ImageJ software. For astrocytes cultured on 

microcarriers, cells differentiated for at least 45 days were replated at a density of 1.4x106 cells 

onto VDP-coated glass 40mm dishes and cultured for 2-4 days prior to staining and imaging. 

 

2.2.14 β-amyloid and dextran uptake assay 

FAM-labelled β-amyloid peptide (Aβ-FAM 1-42; Anaspec) was reconstituted using a 

minimal volume of 1%NH4OH and immediately diluted to a 1mg/mL solution in PBS. Single-use 
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aliquots were stored at -20C till use. For the uptake assay, astrocytes seeded in a 24 well plate 

were treated with 500 nM-1000nM Aβ-FAM and/or 50 μg/ml dextran-Alexa Fluor 647 

(ThermoFisher) for 24 hours. For flow cytometry, cells were washed with cold PBS and 

dissociated using Trypsin (ThermoFisher) for 5 min at 37C to remove any surface-bound 

peptide. Samples were placed on ice and 5,000-10,000 live cells were analyzed on a Accuri C6 

flow cytometer (BD Biosciences) to quantify median fluorescence intensity. For fluorescent 

imaging, cells were imaged on a Nikon Ti2 Eclipse. 

 

2.2.15 Cryopreservation of differentiated astrocytes 

After a minimum of 45 days of differentiation, astrocytes that were 85% confluent were 

dissociated using Accutase and resuspended in cryopreservation medium. The cells were first 

gradually cooled to -80C in a Mr. Frosty™ freezing container (ThermoFisher) for 24 hours, after 

which the vials were transferred to -150C for long term storage. For the functional comparison 

experiments astrocytes were thawed 7 days after freezing. 

 

2.2.16 Statistical analysis 

Student’s t-test and ANOVA were used to analyze the data, with a Bonferroni post hoc 

correction where appropriate. Significance represents a p-value < 0.05. Additionally, all data are 

displayed as mean ± standard error of the mean (S.E.M.) unless otherwise specified. 

 

2.3 Results 

 

2.3.1 Highly efficient generation of astrocytes from multiple independent hPSC lines on a 

defined substrate. 

 We previously described a protocol that employs a fully defined peptide-based substrate, 

referred to as vitronectin-derived peptide (VDP), that allows for the differentiation and long-term 

expansion of multipotent human neural progenitor cells (hNPCs) (Srinivasan et al., 2018). To that 
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end, we derived hNPCs from six independent hPSC lines (Supplementary Table B.3), two lines 

from healthy non-demented control patients (herein referred to as NDC-1 and NDC-2), two lines 

from familial Alzheimer’s disease patients (herein referred to as FAD-1 and FAD-2), and two lines 

from sporadic Alzheimer’s disease patients (herein referred to as SAD-1 and SAD-2). Similar to 

our other established hNPC lines, all six hNPC lines expressed high levels of the canonical hNPC 

markers SOX1, SOX2, and NESTIN (Supplementary Figure B.1). To determine if VDP could 

support the differentiation of hNPCs into functional astrocytes, hNPCs were seeded onto VDP or 

control animal-derived laminin (LN) (an extracellular matrix protein commonly used in astrocytic 

differentiation of hPSCs; (Haidet-Phillips et al., 2014; Krencik et al., 2011; Roybon et al., 2013; 

Shaltouki et al., 2013)) substrates and the medium was changed from neural expansion medium 

(NEM) to astrocyte differentiation medium (ADM). HNPCs differentiated on both VDP and LN 

substrates rapidly acquired a flat, star-shaped astrocytic morphology (Figure 2.1A). By day 30, 

the majority of the cells (>90%) on both substrates acquired the astrocyte progenitor marker 

CD44 (Liu et al., 2004) (Figure 2.1B). In addition, quantitative RT-PCR (qPCR) showed that 

expression of genes associated with an astrocytic phenotype such as GFAP (Ludwin et al., 1976) 

and VIM (Schnitzer et al., 1981) was similar in astrocytes generated on VDP- and LN-coated 

surfaces (Figure 2.1C). Similarly, immunofluorescence (Figure 2.1D, Supplementary Figures 

B.2-3) and flow cytometry (Figure 2.1E) demonstrated that a high percentage (>85%) of hNPCs 

cultured on VDP-coated surfaces expressed the astrocyte markers GFAP and S100β (Ludwin et 

al., 1976). In sum, this data demonstrates that VDP can support the differentiation of hNPCs into 

astrocytes at an efficiency similar to that on conventional LN substrates. 

 

2.3.2 Astrocytes generated on LN and VDP share a similar transcriptional profile 

To further characterize the extent to which astrocytes generated on VDP were similar to 

those differentiated on LN, we performed RNA-sequencing (RNA-seq) analysis on hNPCs, 

neurons, and astrocytes derived from NDC-1 hPSCs generated on VDP and LN substrates 

(Supplementary Table B.4). Clustering (Figure 2.2A), correlation (Figure 2.2B), and 

multidimensional scaling (Figure 2.2C) analysis revealed that astrocytes generated on VDP and 
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LN showed a high degree of similarity and grouped distinctly from the hNPC and neuronal cell 

populations. A closer examination of the genes statistically significantly upregulated (log2 FC 

>1.5, FDR < 0.05; Supplementary Table B.5) in the astrocytic populations revealed high levels 

of not only established astrocyte markers (e.g. CD44, GFAP, NFIX,  VIM) but also processes 

associated with astrocytic function including growth factor production (e.g. BDNF, CTGF, IGF2, 

TGFBI), mediation of cell-adhesion (e.g. ICAM1, ITGA1, ITGA5, ITGA6, ITGB1, ITGB3 ITGB5), 

extracellular matrix secretion (e.g. COLL11A1, FN1, LAMB2, TNC), and inflammatory and 

immune response (e.g. CCL2, IL1A, IL6, IL8). In addition, astrocytes derived both on VDP and LN 

surfaces did not display significant levels of hNPC- (e.g. SOX1, SOX2) or neuronal-associated 

(e.g. MAP2, RBFOX3, TUBB3) markers. Gene ontology (GO) analysis further confirmed that 

genes up-regulated in both VDP- and LN-derived astrocytes were related to typical astrocytic 

biological processes (e.g. immune system processes, cytokine-mediated signaling (Colombo and 

Farina, 2016b; Dong and Benveniste, 2001; Guerriero et al., 2017; Sofroniew, 2014)), cellular 

components (e.g. cell substrate junction, focal adhesion (Cho et al., 2018; Moeton et al., 2016; 

Wiese et al., 2012)), and molecular functions (e.g. cadherin, cell adhesion molecule, and integrin 

binding (Hillen et al., 2018; Liddelow and Hoyer, 2016)) (Figure 2.2D). On the other hand, GO 

analysis revealed that gene sets concomitantly downregulated in the astrocyte cell populations 

but upregulated in the neuronal cells were typical of the biological processes, cellular 

components, and molecular functions of electrophysiologically active neurons. Overall, these 

results indicate that astrocytes generated on VDP substrates are not only transcriptionally 

indistinguishable from those derived on control LN substrates but have an expression profile that 

is characteristic of functional astrocytes. 

 

2.3.3 VDP-derived astrocytes secrete robust amounts of ApoE 

 Although the astrocytes generated on VDP expressed the genes and proteins typically 

associated with astrocytes, we next wanted to measure their functional characteristics. 

Apolipoprotein E (ApoE) is a lipoprotein transporter involved in cholesterol transport that is 

generated and secreted by functionally mature astrocytes (Hauser and Ryan, 2013). In the brain, 
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ApoE also plays important roles as it relates to neuronal growth, synaptic plasticity, and 

membrane repair (Lane-Donovan and Herz, 2017; Suri et al., 2013). To determine whether 

astrocytes generated on VDP produced ApoE, we measured the amount of ApoE in the 

conditioned media by ELISA. Compared to hNPCs, which produced no detectable level of ApoE, 

astrocytes generated on both VDP and control LN substrates produced ApoE in the range of 50-

150 ng/mg protein (Figure 2.3A), which is consistent with the levels of ApoE produced by hPSC-

derived astrocytes in other studies.(Zhao et al., 2017) In addition, there was no consistent 

difference between astrocytes generated on VDP or LN surfaces in terms of levels of ApoE 

secretion. These results indicate that hPSC-derived astrocytes generated on VDP secrete robust 

and comparable amounts of ApoE to those astrocytes generated on LN control substrates. 

 

2.3.4 Astrocytes derived on VDP are responsive to inflammatory stimuli 

Astrocytes play a chief role in the inflammatory response in the central nervous system 

through secretion of cytokines and growth factors that mediate tissue damage, repair, and 

survival (Colombo and Farina, 2016a; Liddelow and Barres, 2017; Sofroniew, 2015). Given the 

importance of astrocytes regulating the neuroinflammatory processes in the central nervous 

system in response to neurodegenerative disease, ischemia, or acute brain injury, we wanted to 

determine if astrocytes differentiated on VDP substrates were responsive to inflammatory stimuli. 

To that end, we utilized a cytokine bead array to measure the amount of inflammation-related 

cytokines in the conditioned media of astrocytes derived on VDP and control LN surfaces. In the 

absence of any stimulation, we found that astrocytes on VDP and LN secreted modest or 

undetectable levels of numerous pro-inflammatory (IFN-α, IL-1β, TNF-α, MCP-1, IL-6, IL-8, IL-10, 

IL-18, IL-23, IL-33) and anti-inflammatory cytokines (IFN-Ɣ, IL-12, IL-17α) (Figure 2.3B), 

consistent with previous reports in primary and hPSC-derived astrocytes which show low levels of 

such cytokines in unstimulated conditions (Choi et al., 2014; Lundin et al., 2018; Perriot et al., 

2018; Santos et al., 2017; Sofroniew, 2014; TCW et al., 2017; van Neerven et al., 2010). In order 

to test if these astrocyte populations altered their cytokine secretion profile in response to 

inflammatory stimuli, we treated cell populations generated on both VDP and LN with 
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lipopolysaccharide (LPS), a bacterial cell wall endotoxin widely used to study cellular responses 

to inflammation (Hamby et al., 2012; Strokin et al., 2011; Zamanian et al., 2012). Across all 

astrocytic populations tested, we observed an increase of IL-6, IL-8, and MCP-1, which is 

consistent with previous studies in primary and hPSC-derived astrocytes showing that these 

cytokines are the prime mediators of the inflammatory response (Lundin et al., 2018; Martinez 

and Modric, 2010; Perriot et al., 2018; Santos et al., 2017; TCW et al., 2017) (Figure 2.3C). 

Moreover, there was no obvious difference in the responses of VDP- or LN-derived astrocytes. 

Together, these findings indicate that astrocytes generated on VDP are capable of responding to 

inflammatory stimuli through modulation of their secreted cytokine profile. 

 

2.3.5 VDP-generated astrocytes have the ability to uptake amyloid (Aβ) 

Amyloidogenic processing of the full-length transmembrane protein β-amyloid precursor 

protein (APP) is a multi-stage process that results in generation of Aβ peptides of various lengths, 

most commonly Aβ38, Aβ40, Aβ42 (Oksanen et al., 2017). Under healthy physiological conditions 

in the central nervous system, Aβ peptides play important roles as it relates to synapse function 

and neuronal activity (Palop and Mucke, 2010; Vallée and Lecarpentier, 2016). The levels of Aβ 

in the extracellular space are, in part, regulated by astrocytes and play a significant role in Aβ 

clearance (Ries and Sastre, 2016). To that end, to determine whether the astrocytes generated 

on VDP and LN surfaces were able to internalize Aβ, we treated astrocytes with FITC-conjugated 

Aβ(1-42) and measured uptake 24 hours later with flow cytometry (Figure 2.4). In addition, 

confocal analysis of astrocytes treated with FITC-Aβ and fluorescently-labeled dextran confirms 

cell internalization of Aβ via the endosomal pathway (Supplementary Figure B.4). This analysis 

revealed that astrocytes generated on both substrates were capable of significant uptake of Aβ 

(Figure 2.4).  
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2.3.6 VDP-generated astrocytes display spontaneous calcium activity 

A hallmark property of mature astrocytes is the ability to exhibit spontaneous calcium 

transients (Levin et al., 1989; Shigetomi et al., 2016; Volterra et al., 2014). As such, we used 

Fluo-4AM to monitor calcium signaling in hPSC-derived astrocytes differentiated on VDP and 

control LN substrates in a subset of our lines—NDC-1, FAD-1, and SAD-1. We found that cells on 

both surfaces displayed spontaneous waves of calcium transients with characteristics similar to 

that of previous reports with primary or hPSC-derived astrocytes (Santos et al., 2017; TCW et al., 

2017; Volterra et al., 2014), with no distinguishing features between those on VDP or LN (Figure 

2.5). In addition, single cell quantification of the amplitudes of the calcium spikes revealed no 

obvious differences in the distribution of these responses among the cell populations on VDP and 

LN substrates (Supplementary Figure B.5). Finally, astrocyte populations on both surfaces 

displayed continuous propagation of waves of calcium transients among neighboring cells 

suggesting networks of connected astrocytes (Supplementary Movies B.1-6). Taken together, 

these results suggest that hPSC-derived astrocytes produced on VDP and LN substrates exhibit 

characteristic calcium responses typical of functionally mature cells.  

 

2.3.7 Astrocytes can be generated on VDP using scalable culture methods 

Although we were able to employ VDP as a fully defined culture substrate for the 

generation of astrocytes, the inadequate surface area-to-volume ratio provided by such traditional 

two-dimensional (2-D) methods is not sufficient to generate astrocytic cell populations in 

quantities sufficient for uses in disease modeling, drug discovery, and regenerative medicine. As 

an alternative, microcarrier (MC)-based technologies can facilitate the generation of large 

numbers of cells in reduced culture volumes (Badenes et al., 2016). More specifically, in 

microcarrier culture cells are grown as monolayers on the on the surface of small polystyrene 

spheres of approximately 200 µm while suspended in culture with mild stirring. Importantly, the 

flexibility of MCs allows them to be easily employed in a variety of bioreactor systems including 

stirred-tank, rotating wall vessel, and vertical wheel (Abraham et al., 2017; Maartens et al., 2017). 

To that end, we developed a strategy to coat polystyrene MCs with VDP. As proof-of-principle, 
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hNPCs derived from our two NDC hPSC lines were seeded onto the VDP-coated MCs in 6-well 

ultra-low attachment plates. After seeding, the medium was changed to astrocyte differentiation 

medium. We optimized the initial seeding and MC density to allow for continuous attachment of 

cells and even distribution on the MCs through the differentiation period (Figure 2.6A). 

Differentiation on MCs allowed for a 10-15 fold increase in astrocyte cell number per culture 

volume when compared to conventional 2-D culture methods (Figure 2.6B). In addition, 

immunofluorescent (Figure 2.6C) and flow cytometry (Figure 2.6D) analysis demonstrated that 

astrocytes generated on MCs expressed similar levels of the established astrocyte markers 

S100β and GFAP to those cells generated on typical 2-D surfaces. Finally, calcium imaging was 

performed on astrocytes that were generated on VDP-coated MCs and then subsequently 

replated onto VDP-coated 2-D surfaces. This analysis revealed that cells generated with the MC-

based system displayed calcium transients with the same properties as those generated on 2-D 

surfaces (Figure 2.6E; Supplementary Movie B.7-8). Therefore, astrocytes generated with 

these scalable methods can be dissociated and replated onto VDP-coated 2-D surfaces without 

loss of functionality. In sum, these experiments establish proof-of-principle that VDP is compatible 

with scalable culture methods to generate functionally mature astrocytes in quantities required for 

downstream applications.  

 

2.3.8 Astrocytes generated on VDP can be cryopreserved without loss of functionality 

Now that we established that VDP could be used to support the scalable generation of 

hPSC-derived astrocytes, we wanted to investigate if these cell populations could be 

cryopreserved while maintaining their functional phenotypes. As proof-of-principle, astrocytes 

were generated from NDC-1 hNPCs on VDP-coated surfaces, dissociated to single cell 

suspensions, and placed in a DMSO-based cryoprotectant. Cells were then cooled from room 

temperature at a rate of 1OC/min until -80OC and then placed in long-term storage at -150OC. 

After a minimum of 7 days in storage, cells were thawed onto VDP-coated surfaces. Thawed 

astrocytes displayed a typical flat, star-shaped morphology that was similar to cells prior to 

cryopreservation (Figure 2.7A). In addition, cells that were cryopreserved continued to express 
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high levels of the astrocytic markers S100β and GFAP as determined by immunofluorescence 

(Figure 2.7B, Supplementary Figure B.6) and flow cytometry (Figure 2.7C). In addition, there 

was no significant difference in the levels of ApoE secreted between pre- and post-cryopreserved 

astrocytes (Figure 2.7D). Along similar lines, thawed astrocytes retained their characteristic 

secretory profile and retained the ability to respond to inflammatory stimuli such as LPS through 

upregulation of expression of cytokines IL-6, IL-8, and MCP-1 (Figure 2.7E). Finally, 

cryopreserved astrocytes continued to display spontaneous calcium transients with profiles 

similar to those of cells prior to cryopreservation (Figure 2.7G; Supplementary B.Movie 9 and 

10). As a whole, these results demonstrate that not only can VDP provide for the scalable 

generation of hPSC-derived astrocytes but also the resultant populations can be cryopreserved 

without any adverse effects on their functionality. 

 

2.5 Discussion 

In the central nervous system (CNS), astrocytes play numerous roles to maintain the 

homeostasis of neural microenvironment such as regulating neurotransmitter levels in the 

interstitial tissue, supporting synaptic health and function, and modulating energy and lipid 

metabolism. More broadly, not only are astrocytes mediators of the systemic inflammatory and 

injury response in healthy tissue (Khakh and Sofroniew, 2015; Zhang and Barres, 2010) but have 

also have been implicated as central players in numerous neurodegenerative diseases (M. V. 

Sofroniew and Vinters, 2010). As such, hPSC-derived astrocytes provide a unique opportunity to 

generate accessible models to understand the molecular underpinnings of neurodegenerative 

disease as well as serve as the raw material to replace diseased or damaged tissue. In this vein, 

reproducible and defined methods for the generation of astrocytes from hPSCs will significantly 

advance their use in these various downstream applications (Gonzalez et al., 2017). To that end, 

in this study we employed a completely defined peptide-based substrate, vitronectin-derived 

peptide (VDP), for the efficient generation of astrocytes from hPSCs. Overall, the cells generated 

on these substrates not only expressed high levels of conventional astrocytic markers but also 

displayed transcriptional and functional characteristics that consistent with hPSC-derived 
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astrocytes generated by other groups on undefined, xenogeneic substrates (Lundin et al., 2018; 

Santos et al., 2017; TCW et al., 2017; Zhao et al., 2017) (Supplementary Table B.6) as well as 

astrocytes fetal and primary human astrocytes. Specifically, hPSC-derived astrocytes were 

generated from six independent hPSC lines and subject to a series of primary characterization 

assays that are broadly accepted in the field (Lundin et al., 2018; Santos et al., 2017; TCW et al., 

2017)  as demonstration of bona fide astrocytes including morphological assessment, expression 

of high levels of astrocytic markers, ability to produce and secrete APOE, and ability to uptake 

soluble Aβ. In addition, we performed more in-depth characterization on a select number of lines 

of these hPSC-derived astrocytes using RNA-seq and calcium imaging. In the future, direct 

comparative investigations will be necessary to compare hPSC-derived astrocytes generated 

using the defined approaches described in this study with those isolated from fetal and primary 

sources. In addition, these astrocytes can also be evaluated in the context of other hiPSC-derived 

neural populations such as neurons (D’Souza et al., 2020) and microglia (Hirbec et al., 2020) to 

understand and model the complex interactions between these cell types. Furthermore, we 

demonstrated that VDP was compatible with microcarrier (MC)-based cell culture technologies to 

facilitate the large-scale generation of astrocytes from hPSCs. Finally, astrocytes generated on 

these defined substrates could be cryopreserved without adverse effects on functionality. 

Notably, VDP can be coated onto tissue-culture treated polystyrene plates or MCs and does not 

require complex chemical conjugation or fabrication that is typical of other peptide-based culture 

systems for growth or differentiation of hPSCs (Deng et al., 2014; Melkoumian et al., 2010). 

Because of this ease of use, we contend that VDP can be widely adopted by researchers as a 

defined substrate for the generation of hPSC-derived astrocytes for disease modeling and 

regenerative medicine applications. 

Loss or dysfunction of astrocytes contributes to a wide variety of neurological disorders, 

including Huntington’s disease, amyotrophic lateral sclerosis (ALS), epilepsy, and Alzheimer’s 

disease (AD) (Molofsky et al., 2012; Scuderi et al., 2013). Recent pre-clinical studies have 

provided great enthusiasm for the potential of using hPSC-derived astrocytes in the treatment of 

numerous CNS diseases and disorders. For example, astrocytes generated from hPSCs have 
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been shown to functionally replace astrocytes in adult mice (Chen et al., 2015). More recently, 

intrathecal delivery of similar astrocyte populations into mouse models of ALS were able to 

mitigate disease onset and progression (Y. Wang et al., 2018). In this vein, the results presented 

here will enable the development of biomanufacturing processes with the following features that 

will be critical for the translation of hPSC-derived astrocytes from bench-to-bedside: (i) Fully 

defined conditions. Current astrocytic differentiation protocols exclusively employ substrates from 

xenogeneic origins (Chen et al., 2015; Haidet-Phillips et al., 2014; Krencik et al., 2011; Roybon et 

al., 2013; Serio et al., 2013; Shaltouki et al., 2013) which are subject to batch-to-batch variation 

and pose risk for transmission of adventitious agents in clinical situations (De Sousa et al., 2016; 

Stacey et al., 2018, 2019). As described in this study, the use of VDP provides a completely 

synthetic and off-the-shelf substrate to generate human induced pluripotent stem cell (hiPSC)-

derived astrocytes in reproducible, animal-free conditions. In fact, we demonstrate that VDP 

allows for the generation of astrocytes that are transcriptionally and functionally indistinguishable 

from cells derived on conventional animal-derived substrates such as laminin (LN) (ii) Robust. It 

has been widely established that variability between individual hPSC lines can lead to directed 

differentiation protocols that work well in a subset of cell lines and, alternatively, lead to the 

generation of heterogeneous cell populations in other lines (Nishizawa et al., 2016; Ortmann and 

Vallier, 2017). Here, we show that VDP provides for the highly efficient differentiation of six 

independent hiPSC lines into relatively pure, homogenous astrocyte populations. In addition, we 

do not observe any significant differences in cell phenotype with independent VDP batches or 

independent differentiations. As such, we anticipate that VDP can serve as the universal 

substrate enabling the development of biomanufacturing processes and personalized therapies. 

(iii) Scalable. Current astrocyte differentiation strategies utilize planar culture surfaces that will not 

be able to facilitate the anticipated large-scale clinical demands of up to 109-1010 cells per dose. 

Alternatively, microcarrier (MC)-based systems have the ability to enhance production capacity, 

improve culture robustness, facilitate scale-up, and reduce costs associated with cell 

manufacturing (Badenes et al., 2016). Here, we use VDP in conjunction with a MC-based culture 

system to allow for the scalable generation of functionally mature hPSC-derived astrocytes. 
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Although we only demonstrate the utility of this MC-based system in a subset of our hPSC lines, 

our proof-of-principle studies demonstrate the broad utility of VDP to be employed in such 

scalable formats with minimal optimization. In the future, we anticipate that such MC-based 

systems used in conjunction with established bioreactor systems (Abraham et al., 2017; Maartens 

et al., 2017) will allow for the production of astrocytes in quantities sufficient for cell-based 

therapy applications. More precisely, in the proof-of-principle experiments we performed, VDP-

coated MCs were cultured in 6-well ultra-low attachment plates placed on placed on an orbital 

shaker in a tissue culture incubator. From this culture system, each well yielded on average 6 x 

106 astrocytes compared to 0.5 x 106 astrocytes obtained from a single well when cultured using 

2-D. As such, we estimate that a single 500 ml vessel of a rotating wall vessel (RWV) bioreactor 

could be used to generate 109 astrocytes using VDP-coated MCs (Srinivasan et al., 2018)  (iv) 

Point-of-use. Future clinical applications of astrocytes created from hPSCs will require processes 

that are compatible with cryopreservation techniques that allow for the generation of master 

banks which can be deployed directly at the point-of-use (De Sousa et al., 2016; Stacey et al., 

2018, 2019). Towards this goal, we provide proof-of-concept in a subset of our hPSC lines that 

the astrocyte populations generated on VDP can be dissociated into single cells and 

cryopreserved without any loss of phenotypical integrity and functionality for long-term study.  

Recently, suspension or ‘organoid’-based methods have emerged as a strategy to 

generate neural cell populations, including astrocytes, in a format that might preclude an 

adhesive matrix (Di Lullo and Kriegstein, 2017; Huch and Koo, 2015; Kelava and Lancaster, 

2016; Krencik and Zhang, 2011; Lancaster et al., 2013; Paşca et al., 2015). It should be noted 

that while these organoid-based systems are impressive in their ability to recapitulate aspects of 

human neural development, in practical terms these protocols result in a heterogenous mixture of 

neurons, astrocytes, and other neural progenitor cell types which might limit downstream 

applications where pure cell populations are required. Specifically, oragnoid-based systems suffer 

from limitations such as batch-to-batch variability in size and cellular composition, as well as 

potential issues that arise from necrotic cores that develop during prolonged culture. By 

comparison, the methods described in this study, which employ a fully defined substrate that is 
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compatible with both conventional 2-D and scalable MC-based culture systems, results in highly 

pure populations of astrocytes free from any contaminating (i.e. neuronal, progenitor) cell 

populations. In the future, such astrocytic populations could be combined at precise ratios with 

other hPSC-derived neural populations such as neurons (D’Souza et al., 2020) and microglia 

(Hirbec et al., 2020) to generate highly reproducible, complex culture systems. In addition, these 

organoid suspension culture systems rely on the aggregation of cells into large spheroids which 

might result in cell necrosis in the center of the organoid due to limitations in oxygen diffusion and 

nutrient mass transfer (Kinney et al., 2011). In this study, the MC-based cultures form small 

aggregates with a non-cellular MC core that does not exhibit necrosis. In fact, analysis of 

astrocytes generated on MCs revealed no observable necrosis as measured by propidium iodide 

staining (Crowley et al., 2016). As such, the MC-based methods described in this study offer the 

scalability advantages afforded by suspension-based systems without these aforementioned 

caveats.  

The work that we performed in this study also has important practical implications for the 

use of hPSC-derived astrocytes in disease modeling and drug screening applications. In 

particular, cellular models for phenotypic drug screens need to be reproducible and homogenous 

(Lundin et al., 2018; Thorne et al., 2016). In addition, such cell types will need to be generated at 

large scale given the estimates that it would take approximately 1010 cells to screen a 1 million 

compound library. The use of VDP as fully defined, synthetic substrate to generate relatively pure 

and homogenous astrocytes from hPSCs will eliminate the batch-to-batch variability that could 

arise from the use of animal-derived substrates. Moreover, VDP does not pose the same 

potential complications as undefined matrices such as Matrigel™ which might contain biologically 

active components that could potentially interfere with the interpretation of phenotypic results 

(Astashkina et al., 2012; Hughes et al., 2010). In addition, we demonstrate that the use of 

scalable MC-based technologies and conventional cryopreservation techniques will enable the 

generation of large stocks of consistent cellular identity. In turn, we show that cryopreserved cells 

can be thawed directly onto VDP-coated 2-D surfaces which will enable future downstream high-

throughput phenotypic drug screening assays.  
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 Classically, the roles of astrocytes in CNS function and neurodegenerative disease have 

been studied in a variety of animal models. While these model systems have provided many 

insights, the complexity of in vivo experiments make it difficult to eliminate confounding variables 

and directly investigate the specific role of astrocytes in neural tissue health, damage, and 

disease. In addition, given the differences between human and rodent astrocytes including their 

morphology, transcriptional profiles, and functionality (Oberheim et al., 2009; Tarassishin et al., 

2014; Zhang et al., 2016), there is significant concern that these models do not fully recapitulate 

human disease. As such, considerable effort has been devoted to developing representative 

human in vitro astrocytic models including those from immortalized (Fan et al., 2016; Finan et al., 

2016) and primary sources (Malik et al., 2014; Zhang et al., 2016). However, immortalized cell 

lines can be aneuploid with unknown dosage at key-disease relevant genes while primary cell 

systems are difficult to isolate and rapidly lose phenotypes during prolonged in vitro culture. In 

this vein, the hPSC-astrocytes generated in this study have many functional features that would 

make them attractive for AD-related disease modeling and drug screening. In the classic form of 

the amyloid cascade hypothesis of AD, generation and subsequent accumulation of Aβ peptides 

is the key step that leads to neuronal loss and subsequent cognitive decline associated with AD 

(Chow et al., 2010; Oksanen et al., 2017; Zhang et al., 2011 

). Related to this process, astrocytes have been shown to play an important role in Aβ clearance 

(Ries and Sastre, 2016). In this study, we demonstrated that astrocytes generated on VDP had 

the ability to uptake Aβ from the surrounding media. Moving forward, the cells generated as part 

of this study will provide for the investigation into the mechanistic connections between astrocytic 

amyloid processing and AD-related phenotypes. Another characteristic of the astrocytes 

generated as part of this study that makes them attractive drug screening models is their ability to 

secrete ApoE. Given the broad functions of ApoE in maintaining health in the CNS (Liu et al., 

2013), augmenting the functions of ApoE has been explored as a potential therapeutic strategy in 

treating AD (Fan et al., 2016; Finan et al., 2016). As such, several screens utilizing immortalized 

and primary cell sources have identified small molecule enhancers of ApoE production (Fan et 
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al., 2016; Finan et al., 2016). Moving forward, the astrocytes generated in this work could serve 

as a more robust human cellular model for such high-throughput screens. Finally, although the 

work presented in this manuscript only focused on the generation of astrocytes from non-

demented control (NDC) or AD hiPSCs, we envision that the robustness of the VDP-based 

culture methods will allow for the generation of astrocytes from other hiPSC lines derived from 

patients of other diseases in which astrocytic dysfunction has been implicated (Molofsky et al., 

2012; Scuderi et al., 2013). 

 

2.6 Conclusion 

In summary, we developed a completely defined peptide-based substrate that allows for 

the generation of highly pure populations of astrocytes from several independent hPSCs lines. 

Moreover, this peptide is compatible with conventional planar culture formats as well as scalable 

MC-based technologies. Importantly, astrocytes generated on these peptide-based surfaces not 

only displayed typical astrocytic morphology and high expression of canonical astrocyte markers 

but also demonstrated properties characteristic of functionally mature cells including secretion of 

ApoE, responsiveness to inflammatory stimuli, and presentation of spontaneous calcium 

transients. In the future, the use of this peptide-based system as a scalable and defined culture 

system will enable the application of hPSC-derived astrocytes in a variety of downstream 

applications in drug screening, disease modeling, and regenerative medicine. 
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Figure 2.1. Generation of hPSC-derived astrocytes on a completely synthetic peptide 
substrate.  

(A) Representative phase contrast images of D50+ hPSC-derived astrocytes generated (scale 
bar = 200 µm). (B) Representative flow cytometry plots of CD44 expression of D30+ astrocytes 
on VDP (green traces) and LN (red traces) substrates. Gates were determined using isotype 
antibody only controls listed in Supplementary Table B.1. (C) Quantitative PCR (qPCR) analysis 
for expression of astrocyte markers GFAP and VIM in D50+ cultures. Gene expression fold 
changes were calculated relative to expression levels in undifferentiated hNPCs. (D) 
Immunofluorescence analysis for expression of GFAP and S100β in D50+ cultures. (E) 
Representative flow cytometry plots of S100β expression of D50+ astrocytes. Gates were 
determined using isotype or secondary antibody only controls listed in Supplementary Table B.1.  
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Figure 2.2. Transcriptional profiling of astrocytes generated on VDP and control LN 
surfaces.  

(A) Heatmap for differentially expressed genes (FDR < 0.05; ǀlog2 (fold change)ǀ > 1.5) identified 
between NDC-1 derived hNPCs, astrocytes, and neurons cultured on VDP and LN surfaces. 
Genes related to post-mitotic neurons and astrocytic phenotype are highlighted. The entire RNA-
seq data set can be found in Supplementary Table B.4 and the differentially expressed genes can 
be found in Supplementary Table B.5 (B) Pearson's correlation between RNA-sequencing data of 
hNPCs, astrocytes, and neurons generated on VDP and LN substrates. (C) Multidimensional 
scaling (MDS) plot measuring differences in the transcriptional profiles of hNPCs, astrocytes, and 
neurons differentiated on VDP- and LN-coated surfaces. (D) Gene ontology (GO) analysis 
identified biological processes (left panels), cellular components (middle panels), and molecular 
function (right panels) related to astrocytic functions were upregulated in neuronal (top panels) 
and astrocyte (bottom panel) populations derived on both VDP- and LN-coated surfaces. 
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Figure 2.3. Secretory profiling of VDP- and LN-derived astrocytes.  

(A) ApoE secretion was measured in the conditioned medium of D50+ astrocytes. (B) Secretory 
profile of pro- and anti-inflammatory cytokines in D50+ astrocytes cultured under basal 
conditions. (C) D50+ astrocytes were treated with LPS for 24 hrs and the secretion of MCP-1, IL-
6, and IL-8 was measured. Data is shown as fold-change increase in cytokine secretion when 
compared to untreated conditions. 
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Figure 2.4. Analysis of β-amyloid (Aβ) uptake in astrocytes.  

Flow cytometry analysis of Aβ internalization in un- (black traces) and Aβ-FITC-treated (green 
traces) astrocytes. 
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Figure 2.5. Measurement of spontaneous calcium activity in astrocytes differentiated on 
VDP- and LN-coated plates.  

Plots of changes (ΔF/F) in fluorescence of calcium indicator (Fluo-4) in single astrocytic cells. 
Representative images of Fluo-4 stained astrocytes at the indicated time points. 
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Figure 2.6. Scalable generation of hPSC-derived astrocytes on VDP-coated microcarriers 
(MCs).  

(A) Representative phase contrast images of astrocytes cultured on VDP-coated MCs (scale bar 
= 250 μm). (B) Cell counts of astrocytes generated on VDP-coated two-dimensional (2-D) and 
MCs. Student’s t-test, ** = p< 0.01, *** = p<0.001 (C) Representative fluorescent images of GFAP 
(left panels) and S100β (right panels) in astrocyte cultures derived on VDP-coated MCs (scale 
bar = 100 μm). (D) Representative flow cytometry plots of S100β expression of astrocytes derived 
on MCs. Gates were determined using isotype or secondary antibody only controls listed in 
Supplementary Table B.1. (E) Plots of changes (ΔF/F) in fluorescence of calcium indicator (Fluo-
4) in single astrocytic cells grown on MCs. Inset images of Fluo-4 stained astrocytes are shown at 
the indicated time points. 
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Figure 2.7. Characterization of cryopreserved astrocytes generated on VDP.  

(A) Representative phase contrast images of pre- and post-cryopreserved astrocytes generated 
on VDP-coated surfaces. (B) Representative immunofluorescent images of GFAP (left panels) 
and S100β (right panels) in pre- and post-cryopreserved astrocytes. (C) Representative flow 
cytometry plots of S100β expression in pre- and post-cryopreserved astrocytes. Gates were 
determined using isotype or secondary antibody only controls listed in Supplementary Table B.1. 
(D) Measurement of secreted ApoE in pre- and post-cryopreserved astrocytes cultured on VDP 
surfaces. N.S. = not statistically significant, Student’s t-test. (E) Profile of pro- and anti-
inflammatory cytokines in pre- and post-cryopreserved astrocytes cultured under basal 
conditions. (F) Measurement of upregulated cytokines in pre- and post-cryopreserved astrocytes 
after treatment with LPS. Data is shown as fold-change increase in cytokine release compared to 
untreated astrocytes. (G) Measurement of changes (ΔF/F) in fluorescence of calcium indicator 
(Fluo-4) in single pre- and post-cryopreserved astrocytes. Inset images of Fluo-4 stained 
astrocytes are shown at the indicated time points.  
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CHAPTER 3 

APOE2 MITIGATES DISEASE-RELATED PHENOTYPES IN AN ISOGENIC HIPSC-BASED 

MODEL OF ALZHEIMER’S DISEASE 

3.1 Introduction 

Although a vast majority of AD cases are sporadic, numerous genetic risk factors have 

been identified that contribute to lifetime risk of developing the disease (Bertram and Tanzi, 

2009). While not deterministic, the polymorphisms in the APOE gene have been established to be 

the most potent modulator of late onset, sporadic, AD. In the central nervous system, ApoE is 

generated and secreted principally by astrocytes and microglia, and, to a lesser degree, neurons. 

In the brain, ApoE functions to transport cholesterol and other lipids to neurons and plays 

important roles as it relates to neuronal growth, synaptic plasticity, and membrane repair (Mahley, 

1988; Suri et al., 2013). Human APOE has three major isoforms, APOE2, APOE3, and APOE4, 

which differ by two amino acid substitutions at residues 112 and 158 in exon 4—APOE2 (Cys112, 

Cys158), APOE3 (Cys112, Arg158), APOE4 (Arg112, Arg158). With respect to AD, compared to 

individuals homozygous for the APOE3 allele (referred to as the ‘risk neutral’ allele), 

heterozygosity for the ε4 allele increases AD risk by 3-fold, and homozygosity for the ε4 allele 

increases risk over 10-fold (Corder et al., 1994; Raman et al., 2020). Conversely, individuals with 

the ε2 allele (referred to as the ‘protective’ allele) are 40 percent less likely to develop AD (Corder 

et al., 1994; Raman et al., 2020). In fact, recent epidemiological studies have revealed that 

APOE2 homozygotes have an exceptionally low likelihood of AD (Reiman et al., 2020). As such, 

understanding the mechanisms that underlie the association between APOE2 and protection 

against neurodegeneration may provide new therapeutic targets. 

Extensive work has examined the role of APOE4 in contributing to AD onset and age-

related progression. Previous studies have established that the APOE4 variant increases 

likelihood of developing AD in a dose dependent manner as the number of APOE4 alleles 

increases, while greatly reducing the mean age of onset (Corder et al., 1993). In addition, it has 

been demonstrated that APOE4 modulates the formation of amyloid plaques and neurofibrillary 
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tangles (Raman et al., 2020), two pathological hallmarks of AD. Moreover, numerous studies 

have identified several amyloid-dependent and -independent mechanisms to explain the risk-

inducing effects of APOE4 (Liu et al., 2013; Michaelson, 2014). By comparison, there is 

significantly less research that has examined the protective effects of APOE2. In general, the 

presence of an APOE2 allele has been associated with decreased AD-related neuropathology, 

age-associated cognitive decline, and greater cortical thickness (Farfel et al., 2016; Nagy et al., 

1995). Along similar lines, several studies have suggested that APOE2 modulates Aβ deposition, 

clearance and degradation, antioxidant and anti-inflammatory activity, and neuronal glucose 

metabolism (Deane et al., 2008; Drouet et al., 2001; Suri et al., 2013). Finally, while the risk 

modifying effects of APOE have been largely studied in the context of late-onset AD (LOAD) 

patient populations, there are some studies that have examined the effect of APOE genotype in 

the context of familial AD (fAD)-related mutations. Consistent with what is observed in LOAD 

subjects, the presence of APOE4 significantly reduces the age of disease onset whereas carriers 

of APOE2 have delayed age of onset (Olarte et al., 2006; Pastor et al., 2003; Sorbi et al., 1995; 

Vélez et al., 2016; Wijsman et al., 2005). 

Animal models have provided important insights to explain the risk-modulating effects of 

various APOE isoforms (Belloy et al., 2019; Liu et al., 2013; Michaelson, 2014). However, the 

inherent complexities of such model systems made it difficult to make definite mechanistic links 

between APOE genotype and AD-related phenotypes. In addition, the multi-cellular composition 

of the in vivo environment does not allow for the identification of cell-autonomous versus cell-non 

autonomous aspects of such relationships. Due to the limitations of current animal-based models, 

complimentary human cell-based models are needed study the biochemical, molecular, and 

cellular mechanisms that underlie risk-modifying effects of various APOE isoforms. To date, most 

studies have been limited to immortalized cell lines, which are karyotypically abnormal with non-

physiological dosage at disease-relevant genes (Goldstein et al., 2015). Conversely, studies of 

normal human cells from cadaveric tissue samples with respect to APOE2 are often limited to 

small sample sizes (given the low allele frequency), making it challenging to assign observed 
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phenotypes to a specific APOE genotype or as a by-product of the genomic diversity present 

across individuals.  

Over the past several years, hiPSC-based models have been used extensively by 

numerous groups to study AD (Israel et al., 2012; Kondo et al., 2013) and, to a lesser extent, the 

influence of APOE on disease-relevant phenotypes (Huang et al., 2017; Konttinen et al., 2019) in 

a simplified and accessible system. However, the analysis of the phenotypic effects of specific 

risk factors, such as those in the APOE locus, has been confounded by the genetic and 

epigenetic differences inherent in the individual hiPSC lines derived from distinct patient 

genomes. As such, the use of isogenic cell lines with identical genetic backgrounds that only 

differ with respect to individual variants has become essential making definitive genotype-to-

phenotype relationships as it relates to the modeling of AD-related mutations and risk factors. To 

this end, we recently reported the development of a series of methods that employ a transient 

reporter for editing enrichment (TREE) which allows for the generation of isogenic hiPSC lines 

with clonal homozygous editing efficiencies approaching 90% (Brookhouser et al., 2020; 

Standage-Beier et al., 2019). In this study, we leverage this technology to characterize AD-related 

phenotypes in neural cultures derived from hiPSC lines harboring early onset, familial AD (fAD), 

mutations with an APOE3 genotype and gene edited isogenic APOE2 matched pairs. Detailed 

phenotypic analysis of these cultures revealed that conversion of APOE3 to APOE2 significantly 

reduced Aβ secretion. In addition, we found that APOE2 significantly decreased levels of 

phosphorylated tau in isogenic cultures that showed a concomitant decrease in the Aβ42/40 ratio. 

Furthermore, we developed a cell separation protocol to study AD phenotypes in pure 

populations of neurons and astrocytes. This analysis revealed that the protective effect conferred 

by APOE2 had cell autonomous and non-autonomous contributions as cultures consisting 

exclusively of neurons displayed a reduction, but not complete abrogation of the APOE2 

protective effect. Mechanistically, we demonstrate that APOE2 contributes, in part, to the 

mitigation of these AD-related phenotypes through changes in amyloid precursor protein (APP) 

processing. Overall, a more thorough understanding of the mechanisms by which APOE2 
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enhances neuroprotection against AD will have a significant translational impact on the design of 

therapeutic interventions. 

 

3.2 Experimental Methods 

 

3.2.1 Human iPSC culture.  

HPSCs were maintained in mTeSR1 medium (Stemcell Technologies) on feeder-free 

Matrigel (Corning)-coated plates. Subculture was performed every 3 days using Accutase (Life 

Technologies) in mTeSR1 medium supplemented with 5µM Rho kinase inhibitor (ROCKi; Y-

27632 [Tocris Bioscience]). Control and AD-patient hPSCs were generated from dermal 

fibroblasts as previously described (Park et al., 2008). HPSC lines described in the manuscript 

are as below.  

Cell Line 
Disease 
Status 

MMSE Mutation Citation 

hPSC Line 1 
APOE3/3 

Familial AD n/a APP V717I Muratore et al. 2014 

hPSC Line 1 
Isogenic APOE2/2 

Familial AD n/a APP V717I Brookhouser et al. 2020 

hPSC Line 2 
APOE3/3 

Familial AD n/a APPdp Israel et al. 2012 

hPSC Line 2 
Isogenic APOE2/2 

Familial AD n/a APPdp This paper 

hPSC Line 3 
APOE3/3 

Familial AD n/a 
PSEN1 
A246E 

https://biomanufacturing.cedars-
sinai.org/product/cs40ifad-nxx/ 

hPSC Line 3 
Isogenic APOE2/2 

Familial AD n/a 
PSEN1 
A246E 

Brookhouser et al. 2020 

hPSC Line 4 
APOE3/3 

Non-
demented 

control 
30 n/a Hjelm et al. 2011 

hPSC Line 4 
Isogenic APOE2/2 

Non-
demented 

control 
n/a n/a Brookhouser et al. 2020 

 
Table 3.1. Isogenic hiPSC lines used in this study. 
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3.2.2 Neuronal differentiation of hiPSCs.  

HiPSCs were differentiated to hNPCs as previously described with some modifications 

(Cutts et al., 2016). Briefly, to initiate neural differentiation hiPSCs were cultured in feeder-free 

conditions (MatrigelTM [BD Biosciences]; mTeSR1™ Medium [Stemcell Technologies]) for a 

minimum of 2 passages. Cells were then detached with Accutase (ThermoFisher) and 

resuspended in mTeSR1 media supplemented with 5 µM Y-27632. Next, 1-2 x 106 cells were 

pipetted to each well of a 6-well ultra-low attachment plate (Corning). The plates were then 

placed on an orbital shaker set at 95 rpm in a 37oC/5% CO2 tissue culture incubator. The next 

day, the cells formed spherical cultures (embryoid bodies [EBs]) and the media was changed to 

neural induction media (NIM) [1X DMEM-F12 (ThermoFisher), 0.5% (v/v) N2 supplement 

(ThermoFisher), 1% (v/v) B27 supplement (ThermoFisher), 1% (v/v) GlutaMAX supplement 

(ThermoFisher), 1% (v/v) Penicillin Streptomycin, 50 ng/ml recombinant human Noggin (R&D 

Systems), 0.5 µM Dorsomorphin (Tocris Bioscience)]. Half of the media was subsequently 

changed every day. After 6 days in suspension culture, the EBs were then transferred to a 10 cm 

dish (1-2 6 wells per 10 cm dish) coated with Matrigel™. The plated EBs were cultured in NIM for 

an additional 5-7 days. Cells were then plated on surfaces that had to be coated first with poly-L-

ornithine (PLO; Sigma) and then with mouse laminin (LN; 4µg/mL; ThermoFisher). For routine 

maintenance, hNPCs were passaged onto LN-coated plates at a density of 1-5 x 104 cells/cm2 in 

neural expansion media (NEM; [1X DMEM-F12, 0.5% (v/v) N2 supplement, 1% (v/v) 

B27supplement, 1% (v/v) GlutaMAX supplement, 1% (v/v) Penicillin Streptomycin, 30 ng/ml 

FGF2, and 30 ng/ml EGF]). hNPCs were expanded and seeded on Ln-coated microcarriers 

(MCs) in ultra-low attachment 6-well plates (Corning) at a density of 3 x 106 cell per well and 

1mg/mL MCs. The plates were placed under static conditions with 2 mL of NEM in each well to 

allow for cell attachment on MCs for 12 hours after which an additional 2 mL of NEM was added 

to the wells. The plates were placed on an orbital shaker (Dura-Shaker, VWR) at 95 RPM. Three-

fourths of the media (~3 mL) was changed after 24 hours of culture to remove the ROCKi and 

half of the media (~2mL) was changed every day thereafter. HNPCs were expanded on LN-

coated MCs for 4-5 days until 80-90% confluent after which the media was switched to neuronal 
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differentiation media (NDM; [1X DMEMF12, 0.5% (v/v) N2 supplement, 1% (v/v) B27 supplement, 

1% (v/v) GlutaMAX, 1% (v/v) Penicillin Streptomycin, 20 ng/ml BDNF (STEMCELL Technologies), 

20 ng/ml GDNF (STEMCELL Technologies)].  Cells were differentiated for a minimum of 30 days 

prior to replating for analysis.  

 

3.2.3 Coating of microcarriers (MCs) with laminin.  

To coat MCs (Corning Enhanced Attachment Microcarriers) with LN, MCs were 

suspended in 4µg/mL PLO solution and incubated overnight at 37°C, after which the MCs were 

washed twice with PBS. The MCs were then coated with 4µg/mL LN solution at 37°C overnight. 

Coated MCs were washed once with PBS and once with culture media prior to use. 

 

3.2.4 Dissociation of neurons from microcarriers.  

Cells were incubated in Accutase for 5 minutes and the aggregates were pipetted up and 

down gently using a P1000 to break apart large aggregates. Next, cells were detached from the 

MCs by incubating in a papain solution containing Earle’s balanced salt solution (Alfa Aesar), 

30U/mL papain (Worthington), 1mM L-Cysteine, 22.5mM D-glucose, 26mM NaHCO3 and 

125U/mL DNase (Roche) for 70 minutes at 37°C and then triturated with an inhibitor solution 

containing 1mg/mL ovomucoid inhibitor (Roche) and 1mg/mL BSA (Sigma) after which the cell-

suspension was passed through a 40μm cell strainer to remove the MCs and obtain a single cell 

suspension (Paşca et al., 2015).  

 

3.2.5 Isolation of pure neuronal and astrocytic populations using MACS.  

Following dissociation from MCs, cells were placed at 37oC for 1 hr to allow recovery of 

cell surface proteins. Cells were washed with MACS buffer and resuspended at a concentration 

of 1 x 108 cells/mL in MACS buffer in a 5mL round bottom tube. Biotinylated human anti-CD44 

antibody (BD Biosciences, Cat # 550989) was added according to manufacturer 

recommendations and incubated on ice for 15 min. Next, streptavidin conjugated magnetic beads 

were added following manufacturer protocol, and allowed to incubate on ice for 15 min. The tube 
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was then placed in the magnet (BioLegend) and incubated for 5 min at room temperature (RT). 

Following the incubation, CD44 negative (CD44-) cells were transferred to a new tube while 

CD44 positive (CD44+) cells remained in the tube bound to the magnet. The tube was then 

removed from the magnet, and cells were resuspended in astrocyte media (ScienCell) and plated 

in Matrigel coated wells and expanded for downstream assays. CD44- neurons were plated in a 

Matrigel coated 24-well plate at 1 x 106 cells per well for downstream assays.  

 

3.2.6 Immunofluorescence.  

Cultures were gently washed twice with PBS prior to fixation for 15 min at RT with BD 

Cytofix Fixation Buffer (BD Biosciences). The cultures were then washed twice with PBS and 

permeabilized with BD Phosflow Perm Buffer III (BD Biosciences) for 30 min at 4°C. Cultures 

were then washed twice with PBS. Primary antibodies were incubated overnight at 4°C and then 

washed twice with PBS at room temperature. Secondary antibodies were incubated at RT for 1 

hr. Nucleic acids were stained for DNA with Hoechst 33342 (2 μg/mL; Life Technologies) for 10 

min at RT and then washed twice with PBS. Antibodies were used at the following 

concentrations: TUJ1 (1:1000; Fitzgerald Industries International, Cat# 10R-T136A), MAP2 

(1:500; Millipore, Cat# AB5622), NEUN (1:500; Millipore, Cat# MAB377), GFAP (1:500; Abcam, 

Cat# AB7260), S100B (1:500; Sigma, Cat# S2532), AFP (1:50; Santa Cruz Biotechnology, Cat# 

sc-8399), SMA (1:50; Santa Cruz Biotechnology, Cat# sc-53015), Alexa 488 donkey anti-mouse 

(1:500; ThermoFisher, Cat# A-21202), and Alexa 488 donkey anti-rabbit (1:500; ThermoFisher, 

Cat# A-21206), Alexa 647 donkey anti-mouse (1:500; ThermoFisher, Cat# A-31571), and Alexa 

647 donkey anti-rabbit (1:500; ThermoFisher, Cat# A-31573). 

 

3.2.7 Tri-lineage differentiation of edited hiPSCs.  

HiPSCs were harvested using Accutase and plated on ultra-low attachment plates in 

mTeSR1 medium. The following day, media was changed to differentiation medium (DM; 

DMEM/F12, 20% FBS(ThermoFisher), 1% Pen/Strep). After 5 days, EBs were plated on Matrigel-
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coated plates and cultured with DM. After 21 days in DM, cells were fixed, permeabilized, and 

stained for germ layer markers. 

 

3.2.8 Flow cytometry analysis of CD44 expression.  

Cells were dissociated with Accutase for 10 min at 37°C, triturated, and passed through a 

40 μm cell strainer. Cells were then washed twice with flow cytometry buffer (BD Biosciences) 

and resuspended at a maximum concentration of 1 x 106 cells per 100 μL. Cells were stained with 

PE-Mouse anti-human CD44 or isotype control (PE-Mouse IgG1,κ, BD Biosciences, Cat# 

555749) antibodies for 1 hr on ice. Cells were washed twice with flow cytometry buffer prior to 

analysis. Flow cytometry analysis was performed on an Accuri C6 flow cytometer (BD 

Biosciences). Flow cytometry files were analyzed using FlowJo (FlowJo LLC, Ashland, OR, USA). 

 

3.2.9 Fluorescence microscopy.  

All imaging was performed on a Nikon Ti2-Eclipse inverted microscope with an LED-

based Lumencor SOLA SE Light Engine using a Semrock band pass filter.  

 

3.2.10 Measurement of Aβ40, Aβ42, sAPPα and sAPPβ.  

Neurons were seeded in a 24-well plate at a density of 1 x 106 cells per well. Six-day 

conditioned media was collected and Aβ levels were measured using the R&D Systems Human 

Amyloid Beta 40 and 42 ELISA Kits. Six-day conditioned media was used to quantify sAPPα and 

sAPPβ using highly sensitive ELISA kits (IBL). Cell lysate was collected for normalization to 

cellular protein amounts. 

 

3.2.11 Measurement of total APP and APP-βCTF in cell lysates. 

Neurons were seeded in a 24-well plate at a density of 1-2 x 106 cells per well for six 

days and subsequently lysed in RIPA buffer containing protease inhibitors (ThermoFisher). Total 

APP and APP-βCTF levels in the cell lysates were measured using commercially available ELISA 

kits from ThermoFisher and IBL respectively.  



  57 

 

3.2.12 Measurement of pTau and Total Tau in cell lysates.  

Cell lysates were analyzed using the ThermoFisher Human Tau ELISA kits 

(ThermoFisher) to determine pTau and total tau levels.  

 

3.2.13 Measurement of APOE protein 

Six-day conditioned media was collected from neurons and astrocytes seeded in a 24-

well plate. APOE levels were measured using a human APOE ELISA kit (ThermoFisher) and 

were normalized to total cellular protein level. 

 

3.2.14 Calcium transient imaging 

Calcium imaging was performed on cells seeded on a 30mm glass bottom dish (TED 

PELLA) coated with Matrigel. Neurons were incubated with 1µM Fluo-4-AM (Invitrogen) and 

0.02% Pluronic™ F-127 in DMEM for 30 min at 37C. To reduce dye associated cytotoxicity, 

astrocytes were incubated with 0.5 µM Fluo-4-AM (Invitrogen) and 0.02% Pluronic™ F-127 in 

DMEM for 15 min at 37C. Cells were then washed once with HEPES-buffered Tyrode’s solution 

(Alfa Aesar), and allowed to de-esterify at RT in the dark for 20 minutes prior to imaging on a 

Nikon Ti2-Eclipse inverted microscope. Fluorescent time-lapse images for both neurons and 

astrocytes were acquired (20x objective) using an 80 ms exposure time at one frame per second 

for 300 s. Calcium spike traces were generated by quantifying the mean pixel intensity of 

manually identified regions of interest using Fiji (Schindelin et al., 2012). 

 

3.2.15 β-amyloid uptake assay.  

FAM-labelled β-amyloid peptide (Aβ-FAM 1-42; Anaspec) was reconstituted as per 

manufacturer’s instructions. Briefly, a minimal volume of 1%NH4OH was added to the peptide and 

immediately diluted to a 1mg/mL solution in PBS prior to storage as single-use aliquots at -80C. 

To measure Aβ uptake, astrocytes and neurons seeded in a 24-well plate were treated with 500 



  58 

nM Aβ-FAM for 24 hours. For flow cytometry analysis, cells were washed with cold PBS and 

dissociated using 0.25% Trypsin-EDTA (ThermoFisher) for 5 min at 37C to remove any surface-

bound peptide. Samples were filtered using a 40 µm cell strainer and placed on ice till analysis. 

An Accuri C6 flow cytometer (BD Biosciences) was to quantify the median fluorescence intensity 

(MFI). Following background correction using untreated cell MFI, signal was normalized to bulk 

endocytosis MFI from cells treated with 50ug/mL Dextran, Alexa Fluor™ 647 (10,000 MW; 

Invitrogen) for 1 hour at RT. 

 

3.2.16 Surface receptor expression measurement.  

Astrocytes seeded on a 6-well plate were dissociated non-enzymatically by gentle 

scraping following incubation with Versene (Gibco) for 15 min at 37C. Subsequently, cells were 

washed twice in stain buffer (BD Biosciences). Cells were then incubated with primary antibodies 

(and appropriate isotype controls) specific to the cell surface epitope of the LRP-1 (Biotechne) or 

LDLR (BD Biosciences) for 30 min on ice. Following two washes in stain buffer, 5,000-10,000 live 

cells were acquired on an Accuri C6 flow cytometer (BD Biosciences). 

 

3.2.17 RNA-seq   Analysis.    

Single end sequencing   was   performed at BGI Americas Corporation using BGISEQ-

500 for a 50 bp run as described previously (Srinivasan et al., 2018). Reads were subsequently 

mapped to the hg19 human reference genome using HISAT2 (Kim et al., 2015, p. 2). Differential 

analysis was performed using DEseq2 algorithms (Love et al., 2014). Gene ontology analysis 

was performed using lists of differentially expressed genes using PANTHER v16 (Mi et al., 2021). 

 

3.2.18 Statistical analysis.  

Differences between groups was determined using unpaired two-sided t-test (Welch’s t-

test for comparison of unequal sample sizes) with P < 0.05 considered to be significant using 

GraphPad Prism version 9.0.0 for macOS. Unless otherwise noted, all data are displayed as 

mean ± s.e.m.  
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3.3 Results 

 

3.3.1 Generation of an isogenic hiPSC-derived cell culture model of AD to study effects 

of APOE2 

We have previously described a highly efficient method for the generation of isogenic 

hiPSCs (Brookhouser et al., 2020). To that end, we applied these strategies in hiPSC lines 

homozygous for the APOE3 allele to generate isogenic pairs with an APOE2 genotype. For this 

study, we focused on the analysis of three isogenic pairs with mutations in APP (APPV717I, APPdp) 

and PSEN1 (PSEN1A246E). hiPSC lines harboring these mutations have been previously 

published and shown to produce robust phenotypes in vitro when differentiated to neural cultures 

(Israel et al., 2012; Kondo et al., 2013; Konttinen et al., 2019), making them advantageous for 

detecting phenotypic differences that may arise as a result of genome modification. In addition, 

we analyzed one isogenic pair derived from a non-demented control (NDC) individual identified 

by clinical studies and post-mortem histopathological examination negative for major neurological 

and neuropathological conditions (Hjelm et al., 2011). Characterization of isogenic APPV717I, 

PSEN1A246E,  and NDC lines has been described previously (Brookhouser et al., 2020), and full 

characterization of the APPdp APOE2 line was performed prior to phenotypic analysis in this study 

(Supplemental Figure C1). Specifically, all clonal isogenic hiPSC lines displayed a characteristic 

hiPSC morphology, high expression of pluripotency markers OCT4, NANOG, and SOX2, ability to 

differentiate in vitro into cell types representative of three primitive germ layers, and a normal 

euploid karyotype. We then used scalable, microcarrier (MC)-based differentiation strategies 

developed in our laboratory (Srinivasan et al., 2018) to generate neural cultures from each 

isogenic pair. Briefly, multipotent human neural cells (hNPCs) were established using our 

previously described methods (Varun et al., 2017). HNPCs were then seeded on laminin (LN)-

coated microcarriers in 6-well ultra-low attachment plates and the medium was changed to a 

neural differentiation medium. After a minimum of 30 days of differentiation, cultures were 

dissociated into single cells and replated onto Matrigel-coated tissue culture plates. Analysis of 

these cultures revealed a large percentage of cells that expressed the mature neuronal markers 
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TUJ1, MAP2, and NEUN (Figure 3.1A). In addition, these differentiation conditions also resulted 

in the generation of numerous supporting GFAP+ astrocytes (Figure 3.1A), which is important 

because many AD-related neuronal phenotypes modulated by APOE are mediated by their 

interactions and signals from astrocytes  (Rodríguez-Arellano et al., 2016; Verkhratsky et al., 

2010). Overall, neural differentiations as measured by TUJ1, MAP2, and NEUN expression were 

consistent across lines, isogenic pairs, and independent differentiations, suggesting no change in 

differentiation potential as a result of genome modification (Supplemental Figure C2).  

 

3.3.2 APOE2 modulates AD-related phenotypes in hiPSC-derived neural cultures 

In the strictest form of the amyloid cascade hypothesis, generation and subsequent 

oligomerization of Aβ is the primary step that leads to elevated phosphorylated tau (p-tau) and 

subsequent synaptic and neuronal loss. To that end, several studies have suggested that the AD-

risk modulating effects of APOE occur at multiple levels in the amyloid cascade (Liu et al., 2013; 

Michaelson, 2014). To investigate the extent to which Aβ secretion is influenced by APOE2, we 

measured the neural cultures for levels of Aβ40, and Aβ42 released into the extracellular medium 

by ELISA. This analysis revealed that conversion of APOE3 to APOE2 significantly reduced 

levels of secreted aggregation-prone Aβ42 in cell supernatant (Figure 3.1B). Additionally, 

APOE2 neurons secreted less Aβ40 peptide compared with APOE3 matched pairs (Figure 

3.1B), suggesting APOE2 plays a critical role in the regulation of Aβ peptide generation and, 

consequently, in lowering total amyloid burden. Finally, we assessed the Aβ42/40 ratio in the 

neural cultures and found the reduction in amyloid significantly reduced the ratio in APOE2 

neurons harboring the PSEN1A246E mutation, however had no effect on the ratio in neural cultures 

derived from APP mutants (Figure 3.1B). As it has been reported that the APP mutations can 

specifically increases Aβ42 generation, we speculate that the conversion to APOE2 may not be 

sufficient to alter the ratio in these mutants due to production of such high levels of Aβ42 

(Konttinen et al., 2019). Finally, the introduction of APOE2 into non-demented control (NDC) 

hiPSCs did not reduce Aβ levels or the Aβ42/40 ratio in the neural cultures (Supplemental 

Figure C3.A). Taken together, these data suggest that conversion of APOE3 to APOE2 
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significantly moderated levels of Aβ that were elevated by fAD-related mutations (Supplemental 

Figure C4). 

Next, we investigated the effect of APOE2 on levels of p-tau in isogenic fAD and NDC 

neural cultures. As such, we measured tau phosphorylation at Thr231, a tau phosphoepitope, 

(Figure 3.2A; Supplemental Figure C.3B, left panel) as well as total tau in neural cell lysates 

(Figure 3.2B; Supplemental Figure C.3B, center panel).  Interestingly, we found that relative 

levels of phosphorylated tau to total tau were significantly reduced only in APOE2 isogenic 

cultures that showed a decrease in Aβ42/40 ratio (i.e. PSEN1A246E; Figure 3.2C; Supplemental 

Figure C.3B, right panel). Overall, our results are consistent with emerging evidence that tau 

pathology is largely driven by the Aβ42/40 ratio and not total amyloid levels (Kwak et al., 2020).  

 

3.3.3 Astrocytes mediate the mitigating effects of APOE2 on amyloid levels in hiPSC-

derived neurons 

To dissect if the observed APOE2 phenotypes were mediated through neurons, 

astrocytes, or both, we sought to generate cultures that consist exclusively of neurons or 

astrocytes. In this vein, we employed a magnetic activated cell sorting (MACS) protocol targeting 

an established astrocyte-restricted cell surface marker, CD44, to deplete neural cultures of 

astrocytes (Liu et al., 2004; Santos et al., 2017) (Figure 3.3A). Briefly, hiPSC-derived hNPCs 

were differentiated to mixed neural cultures, dissociated, and MACS-separated into CD44-

positive and –negative populations. Upon separation, we analyzed both populations for levels of 

CD44 expression using flow cytometry. As expected, the presumptive neuron population was 

negative for the CD44 surface maker while the isolated astrocyte population was 92-99% CD44-

positive (Figure 3.3B). Importantly, the relative CD44 levels were consistent between 

independent differentiations and MACS isolations (Supplemental Figure C5). Further analysis of 

the isolated cell populations demonstrated the CD44-negative neuronal population expressed 

robust levels of neuronal marker TUJ1 and mature neuron markers MAP2 and NEUN (Figure 

3.3C; Supplemental Figure C.6A). On the other hand, CD44-positive astrocytes lacked 
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expression of neuronal markers and displayed immunoreactivity for the astrocytic maker S100β 

(Figure 3.3C; Supplemental Figure C.6B). 

To characterize the transcriptional profile of these isolated neuron and astrocyte 

populations we performed RNA-sequencing (RNA-seq) analysis (Supplemental Figure C7). 

Analysis of the genes upregulated in the CD44-positive astrocytic population revealed high 

expression of astrocyte-specific markers (e.g. CD44, VIM, S100A16, TIMP1, LIF, OSMR, PLD1, 

FKBP5, SDC4) that regulate processes related to astrocyte function including extracellular matrix 

secretion and remodeling, cytokine release, and inflammatory response (Supplemental Figure 

C.7A) (Clarke et al., 2018; Holmberg and Patterson, 2006; Ito et al., 2016; Jin et al., 2002; Yu et 

al., 1998; Zhang et al., 2014). By comparison, expression of these markers was largely absent in 

the CD44-negative neuronal population which expressed high levels of neuronal specific-makers 

(e.g. MAP2, RBFOX3, SYP, DLG4, SLC17A6, GRIN1, GRIN2B, GRIN2D) associated with 

neuronal function including cytoskeletal protein regulation, synapse formation, and 

neurotransmitter release (Supplemental Figure C.7A (Garcia-Marin et al., 2013; Kalsi et al., 

1998; Monyer et al., 1992; Mullen et al., 1992). In addition, gene ontology (GO) analysis further 

confirmed the identity of these cell populations (Supplemental Figure C.7B). Specifically, the 

CD44-negative neuronal population was enriched for genes related to neuronal biological 

processes (e.g. synaptic signaling, neurotransmitter exocytosis), cellular components (e.g. axon, 

dendrite), and molecular functions (e.g. ion channel activity, neurotransmitter binding) 

(Supplemental Figure C.7B, left panel). Likewise, GO-analysis confirmed that the CD44-

positive astrocyte population contained gene sets related to canonical astrocytic biological 

processes (e.g. cytokine response, immune system processes), cellular components (e.g. focal 

adhesion, extracellular matrix), and molecular functions (e.g. extracellular matrix adhesion, 

cytokine binding) (Supplemental Figure C.7B, right panel). Importantly, correlation analysis 

revealed a high degree of transcriptional similarity between cells isolated from independent 

differentiations and MACS separations (Supplemental Figure C.7C). 

Although the CD44-positive and –negative cell populations expressed the genes and 

proteins typical of astrocytic and neuronal populations, respectively, we next wanted to confirm 
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the functional identity of these cell types. As it relates to APOE, astrocytes are the primary 

producers of APOE in the central nervous system (CNS), although it has been shown that 

neurons also produce APOE to a lesser degree (Raman et al., 2020; C. Wang et al., 2018). 

Therefore, we measured the amount of secreted APOE in the medium in the astrocytic and 

neuronal cultures. Indeed, we confirmed that levels of APOE levels secreted by the astrocyte 

cultures was significantly higher compared to purified neuronal populations (Figure 3.3D). Finally, 

to evaluate functional differences between the neuron and astrocyte populations, we assessed 

spontaneous calcium transients in pure cultures. Consistent with functional characteristics of 

neurons and astrocytes, we found that astrocytes exhibited slow calcium transients with longer 

periods compared to the rapid, frequent firing of neurons, further confirming cellular identity 

(Ikegaya et al., 2005) (Figure 3.3E). Collectively, these data demonstrate that our MACS-based 

protocol allows for the efficient separation of functionally mature astrocytic and neuronal sub-

populations. 

Next, we wanted to assess the contribution of the astrocyte populations on the AD-

related phenotypes observed in the isogenic pairs. Thus, we measured the levels of secreted Aβ 

in the mixed neuron-astrocyte cultures and cultures that consisted exclusively of neurons. Across 

all three isogenic pairs, we found that levels of secreted Aβ42 were significantly higher in the 

neuron only cultures compared to the mixed cultures, underscoring the role of astrocytes in 

amyloid clearance via uptake and degradation (Figure 3.4A, upper panels). This result is 

consistent with previous studies employing mouse cell lines in the context of co-culture systems 

that have demonstrated the importance of astrocytes regulating neuronal APP expression levels 

(Vincent and Smith, 2001). Moreover, we found that removal of astrocytes led to elevated levels 

of secreted Aβ40 in the APPdp and PSEN1A246E neuron cultures but not in the APPV717I cultures 

(Figure 3.4A, middle panels). Likewise, the relative Aβ42/40 ratio was only increased in the 

pure neuronal cultures derived from the APPdp and PSEN1A246E (Figure 3.4A, lower panels). 

Notably, the levels of phosphorylated tau were unaffected by removal of astrocytes from the 

mixed cultures (Figure 3.4B), providing further evidence that pathological phosphorylation of tau 

is governed by a mechanism independent to increased amyloid. Together, these findings suggest 
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that APOE2 modulates the secreted amyloid profile of neurons, in part, through interactions with 

the astrocytes. 

 

3.3.4 Differences in AD phenotypes cannot be explained by differences in astrocyte Aβ 

uptake or receptor expression profile 

We next wanted to explore the possible mechanisms by which astrocytes could reduce 

Aβ levels in APOE2 mixed cultures. It has been well documented that astrocytes play a critical 

role in regulating the extracellular levels of Aβ through multiple clearance mechanisms (Ries and 

Sastre, 2016). Moreover, numerous studies have shown that APOE influences AD pathology by 

regulating Aβ uptake by astrocytes (Fu et al., 2016; Verghese et al., 2013). In fact, recently it was 

shown that APOE4 hiPSC-derived astrocytes exhibit compromised Aβ uptake when compared to 

APOE3 astrocytes (Lin et al., 2018). Therefore, we speculated that APOE2 astrocytes uptake Aβ 

more efficiently than APOE3 astrocytes, which could potentially account for the reduction in Aβ 

levels seen in our APOE2 isogenic mixed cultures. To test this hypothesis, we treated purified 

astrocytes from isogenic pairs with FAM-labelled Aβ42 for 24 hrs. After 24hrs, cells were washed 

and treated with trypsin to remove surface-bound Aβ. The levels of internalized FAM-Aβ were 

then measured by flow cytometry. As expected, astrocytes internalized a significantly greater 

amount of Aβ (Supplemental Figure C.8A) compared to neurons across all cell lines. In addition, 

our analysis revealed that compared to neurons, astrocytes did not secrete significant levels of 

Aβ42 or Aβ40, consistent with previous studies with primary astrocytes (LeBlanc et al., 1997, 

1996) (Supplemental Figure C.8B). However, of all the cell lines analyzed, only APOE2 

astrocytes harboring the APPV717I mutation showed a significant increase in Aβ uptake compared 

to APOE3 astrocytes (Figure 3.5A, Supplemental Figure C.3C).  

Previous work has shown that Aβ can be cleared by astrocytes through indirect or direct 

association with APOE in the context of several receptors mainly LDL receptor-related protein 1 

(LRP1) and LDL receptor (LDLR) (Basak et al., 2012; Kanekiyo and Bu, 2014; Kim et al., 2009; 

Liu et al., 2017a). In particular, work has shown that suppression of LRP1 reducing amyloid 

uptake, suggesting uptake may be dependent on LRP1 (Kanekiyo et al., 2011; Verghese et al., 
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2013). To assess differences in surface expression of LRP1 and LDLR between isogenic pairs, 

we compared fluorescence intensity of isogenic astrocytes stained with fluorescently labeled 

antibodies for LDLR and LRP1 (Figure 3.5B-C, Supplemental Figure C.3C). This analysis 

revealed that in three of four lines examined a statistically significant decrease in LDLR 

expression in APOE2 astrocytes (Figure 3.5B, Supplemental Figure C.3C) and no significant 

difference in LRP1 expression between any of the isogenic pairs (Figure 3.5C, Supplemental 

Figure C.3C). We next examine if there was a correlation between the levels of Aβ uptake and 

the expression levels of LDLR and LRP1 (Supplementary Figure C.9). When examining all cell 

lines, regardless of APOE genotype, mutation type, and disease status, we observed a slight 

negative correlation between Aβ uptake and LDLR expression and a modest positive correlation 

between Aβ uptake and LRP1 expression (Supplementary Figure C.9A). Further probing these 

relationships revealed that these correlations only reached levels of significance when 

considering mutation type or disease status (Supplementary Figure C.9B) and not APOE 

genotype (Supplementary Figure C.9C). In sum, this data indicates that the reduction of Aβ 

levels observed in the APOE2 cultures compared to APOE3 cultures cannot be attributed solely 

to differences in astrocytic uptake of secreted Aβ or related receptors.  

 

3.3.5 APOE2 alters Aβ profile through changes in APP processing 

Because we did not observe any APOE genotype-dependent effects on Aβ uptake or 

clearance from cell culture media, we wanted to examine potential mechanisms by which APOE2 

might modulate production of Aβ. In particular, we hypothesized that the reduction of Aβ levels 

observed in the APOE2 cultures could be attributed to differences in amyloidogenic versus non-

amyloidogenic processing of APP. In the amyloidogenic processing of APP, β-secretase 

cleavage of full-length APP results in the generation of the membrane-bound C-terminal fragment 

(CTF-β) and extracellular release of soluble APPβ (sAPPβ). Subsequent processing of CTF-β by 

γ-secretase results in the generation of amino-terminal APP intracellular domain (AICD) as well 

as Aβ species. Conversely, α-secretase cleavage of full length APP via the non-amyloidogenic 

pathway results in the release of soluble APPα (sAPPα) and CTF-α which precludes Aβ 
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production (Zhang et al., 2011). Therefore, to investigate how APOE2 may affect these processes 

in our isogenic cell culture system, we compared the levels of soluble APP (sAPP) fragments 

secreted into culture medium generated by APP cleavage due to the pathogenic β-secretase 

(sAPPβ) or non-pathogenic α-secretase (sAPPα) pathway. Comparing the ratio of sAPPβ/sAPPα 

in isogenic mixed cultures, we observed that the ratio was reduced in APPdp and PSEN1A246E 

APOE2 cultures relative to APOE3 cultures (Figure 3.6A). However, the effect was more modest 

in APPV717I cells (Figure 3.6A), perhaps due to strong mutation-specific effect on amyloidogenic 

processing of APP (Konttinen et al., 2019) that cannot be entirely mitigated by APOE2. In 

agreement with these findings, we also found that the levels of CTF-β relative to total APP were 

also reduced in APPdp and PSEN1A246E APOE2 cultures relative to APOE3 cultures (Figure 

3.6B). In addition, there was no significant difference in total APP levels between isogenic pairs 

suggesting that the increased sAPPβ/sAPPα ratio and CTF-β levels were likely attributed to a 

shift from amyloidogenic to non-amyloidogenic processing and simply not reduction in total APP 

(Figure 3.6C). To further investigate if this effect was mediated by the presence of astrocytes in 

cultures, we measured sAPPβ/sAPPα ratios in purified neuronal cultures. This analysis revealed 

an increase in the levels of sAPPβ relative to sAPPα across lines, consistent with the increase in 

Aβ peptides observed upon astrocyte removal in neuronal cultures (Figure 3.6D). Overall, a 

reduction in the ratio of sAPPβ/sAPPα suggests a shift from amyloidogenic to non-amyloidogenic 

processing when APOE3 is converted to APOE2. Given that astrocyte populations did not display 

significant Aβ production relative to neurons (Supplemental Figure C.8B) (Laird et al., 2005; 

Zhao et al., 1996), this consistent trend suggests a protective function of APOE2 involving the 

modulation of APP processing in neurons that might drive the isoform-specific reduction in Aβ in 

APOE2 cultures. 

 

3.4 Conclusion 

It has been well-established that polymorphism in the APOE gene is one the strongest 

genetic predictors of sporadic Alzheimer’s disease (AD) risk (Holtzman et al., 2012). In particular, 

the APOE2 is linked to significantly reduced likelihood of AD onset and progression as well as 
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increased life span (Drenos and Kirkwood, 2010; Suri et al., 2013). As such, it has been 

suggested that mimicking the protective effects of APOE2 is a viable therapeutic intervention 

(Chiang et al., 2010). Nonetheless, with much of the field focused on the risk-inducing effects of 

APOE4, the mechanisms of the protective effect of APOE2 have not been extensively studied 

(Chiang et al., 2010; Suri et al., 2013). In particular, studies using isogenic hiPSC lines to study 

APOE function have all focused on elucidating toxic functions of APOE4, leaving mechanisms 

governing APOE2 protective function largely unexplored (Lin et al., 2018; Rieker et al., 2019; C. 

Wang et al., 2018). In this study, we utilized three hiPSC lines derived from patients with early 

onset familial AD (fAD) caused by three independent autosomal mutations, including one of the 

most common point mutations in APP (APPV717I), a point mutation in PSEN1 (PSEN1A246E), and a 

duplication in APP (APPdp). Previous studies have demonstrated that relative to neural cultures 

derived from non-demented control hiPSC lines that neural cells generated from these lines 

display robust AD-related phenotypes including elevated levels of Aβ and phosphorylated tau 

(Israel et al., 2012; Kondo et al., 2013; Konttinen et al., 2019). To allow for the identification of 

phenotypic differences attributed solely to APOE genotype, we used genome editing to generate 

matched APOE2 lines from each APOE3 parental line. To our knowledge, this is the first isogenic 

hiPSC-derived culture system that allows for to study the effects of APOE2 on disease-related 

phenotypes. 

Analysis of mixed neuronal-astrocytic cultures derived from APOE isogenic pairs, 

revealed that conversion of APOE3 to APOE2 dramatically reduced secreted Aβ levels. These 

data are consistent with evidence seen clinically where APOE2 is associated with milder AD 

pathology including significantly reduced amyloid deposited in the neocortex, as well as animal 

studies that suggest the APOE2 allele markedly reduces brain amyloid pathology in Alzheimer's 

disease mouse models (Nagy et al., 1995; Serrano-Pozo et al., 2015; Zhao et al., 2016). Further, 

these data suggest that conversion of APOE3 to APOE2 was sufficient, at least in part, to reduce 

levels of Aβ to those observed in cells derived from non-demented control (NDC) hiPSCs. 

Interestingly, we did not observe a difference in Aβ levels in isogenic cultures derived from NDC 

hiPSCs. This suggests that the protective effects of APOE2 are only observed in the context of 
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fAD cultures with elevated Aβ species and cannot be readily observed in context of NDC cultures 

that do not have significantly elevated Aβ levels. Moreover, analysis of the Aβ42/40 ratio in neural 

cultures revealed a reduced ratio in the APOE2 cells harboring the APPdp and PSEN1A246E 

mutations but no difference between isogenic pairs with the APPV717I. Although it has been 

postulated that elevated ratios of Aβ42:Aβ40 directly result in the pathological amyloid plaques 

found in AD patients (Chow et al., 2010; Zhang et al., 2011) we speculate that differences in this 

ratio observed across cell lines may be a result of fAD mutation-specific differences in amyloid 

species generation. In particular, previous studies with the APPV717I line have demonstrated that 

this mutation leads elevated levels of Aβ42, but not Aβ40, compared to cells derived from non-

demented controls (Konttinen et al., 2019). Therefore, the modulating effect of APOE2 on Aβ42 

and Aβ40 observed in this line may not be sufficient to lower the Aβ42:Aβ40 ratio. Overall, the 

reduction in total amyloid mediated by the APOE2 genotype seen across all three isogenic pairs, 

coupled with other studies that have shown that APOE mediates Aβ aggregation in an isoform-

specific manner (APOE2<APOE3<APOE4) (Hashimoto et al., 2012), suggests a potential 

mechanism by which APOE2-dependent modulation of amyloid production coupled with APOE2 

isoform reducing aggregation of amyloid, may work in concert to prevent severe neuron 

dysfunction (Lanz et al., 2003). 

Broadly speaking, it has been reproducibly shown that AD patients that are carriers of 

APOE2 have significantly reduced cortical Aβ deposition(Nagy et al., 1995), while the effect of 

APOE2 on tau pathology has not been as conclusive (Berlau et al., 2009; Farfel et al., 2016; 

Morris et al., 1995). In our analysis, we show that only cultures with altered Aβ42/40 ratio also 

showed alterations in levels of pathogenic tau in response to conversion of APOE3 to APOE2. 

Our results linking these changes in Aβ and p-tau closely parallel new evidence from Kim and 

colleagues that provide strong evidence that tau pathology is tightly correlated with Aβ42/40 ratio 

alone, and not total Aβ levels as previously thought (Kwak et al., 2020). Further, in an 

independent study using hiPSC-derived neurons, it was demonstrated that abrogating amyloid 

production using small molecules had no effect on levels of tau phosphorylation in cultured 

neurons (C. Wang et al., 2018). Taken together, this suggests that the modulation of tau 
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pathology by APOE2 might be driven solely by the effects on Aβ42/40 ratio and not increased 

amyloid generation.  

In the central nervous system, neurons act as the primary producers of Aβ whereas non-

neuronal cells, such as astrocytes, facilitate its clearance (Liu et al., 2013). The imbalance in 

these processes is thought to be a primary driver of Aβ oligomerization and subsequent formation 

of amyloid plaques found in AD patients (Chow et al., 2010; Zhang et al., 2011). However, the 

role of APOE2 in Aβ generation and extracellular removal is not well known (Raman et al., 2020). 

As it relates to ApoE and Aβ clearance by astrocytes, previous studies with immortalized (Prasad 

and Rao, 2018; Verghese et al., 2013) and hiPSC-derived (Lin et al., 2018) astrocytes have 

shown that APOE4 astrocytes display reduced Aβ clearance when compared to APOE3 

astrocytes. Therefore, we speculated that APOE2 astrocytes might exhibit a gain-of-protective 

function by enhancing Aβ clearance in our mixed cultures. However, we only observed higher 

levels of Aβ uptake in purified APOE2 astrocytes with the APPV717I mutation. Interestingly, when 

we examined the relationship between levels of Aβ uptake and LDLR/LRP1 receptor expression 

we observed only mutation- and not APOE-genotype specific correlations. This is consistent with 

other studies that have shown LRP1 expression can have fAD mutation-dependent expression 

patterns (Fong et al., 2018; Shinohara et al., 2017). Likewise, other groups have reported that 

although LDLR is responsible for Aβ-uptake in astrocytes, this occurs independent of APOE 

(Basak et al., 2012). Alternatively, other studies have shown compared to APOE3 that APOE4 

astrocytes have reduced surface expression of LRP1 leading to impaired Aβ clearance (Prasad 

and Rao, 2018).  Therefore, we speculate that effect of APOE isoform on Aβ clearance in 

astrocytes is driven primarily by mutation-specific effects on receptor expression. Future studies 

in which expression of these receptors are experimentally modulated (i.e. knockdown, 

overexpression) in the context of APOE isogenic lines with various fAD-related mutations will 

need to be performed to further probe these relationships. With respect to neurons, recent work 

has shown that LDLR and LRP1 facilitate the endocytosis of tau and its subsequent spread 

(Cooper et al., 2020; Rauch et al., 2020). In this regard, future studies that examine the ApoE 

isoform-dependent relationship between neuronal expression of LDLR/LRP1 and tau uptake 
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would be of interest in elucidating the effects of APOE2 on the mitigation of AD-related 

phenotypes.   

With regards to the effects of ApoE and Aβ production by neurons, ApoE has been found 

to elevate APP transcription and resultant Aβ generation in cultured neurons in the order 

E4>E3>E2 (Huang et al., 2017). However, the isoform-specific effects of ApoE on amyloidogenic 

processing of APP have not been extensively studied. To that end, we investigated if altered 

amyloidogenic processing could be implicated in the reduction of Aβ species observed in the 

APOE2 mixed cultures. Soluble APP fragments are an indirect measurement of pathogenic 

processing and sAPPβ and CTF-β peptides have been shown to increase in fAD neurons (Kwart 

et al., 2019; Muratore et al., 2017, 2014) . Our analysis of secreted amyloidogenic sAPPβ relative 

to non-amyloidogenic sAPPα as well as CTF-β revealed a significant reduction in pathogenic 

processing in APPdp and PSEN1A246E APOE2 cultures compared to APOE3 cultures. While this 

trend was also seen in APPV717I cells, it was much less pronounced related to the other two cells 

lines. It was been documented that the APPV717I mutation is located within the transmembrane 

region of APP which preferentially increases amyloidogenic β-secretase cleavage at levels that 

exceed other fAD-related mutations (Konttinen et al., 2019). Therefore, we contend that the 

significantly elevated mutation-specific levels of sAPPβ reduced the protective APOE2 effect size 

in APPV717I cultures relative to the other two cell lines. In addition, we observed that although the 

removal of the astrocyte subpopulation led to increased levels of pathogenic sAPPβ, congruent 

with our observation of increased Aβ, this did not diminish the effect of APOE2 on APP 

processing. This suggests that both cell autonomous and cell non-autonomous aspects contribute 

the effect of APOE2 on APP processing by neurons. Currently, the specific mechanisms by which 

APOE2 alters APP processing are unclear. A variety of mechanisms regulate amyloidogenic 

versus non-amyloidogenic processing of APP, including but not limited to the following: (i) 

cytoplasmic phosphorylation of APP, (ii) levels of activity of kinases implicated in APP 

phosphorylation, (iii) expression and activity levels of enzymes (i.e. α-, β, and γ-secretase) 

involved in APP cleavage, and (iv) intracellular APP trafficking (Campion et al., 2016; Haass et 

al., 2012; Yuksel and Tacal, 2019). In particular, ApoE has been shown to form a physical 
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association with APP, casually altering Aβ output by potentially acting as a molecular chaperone 

for APP processing (Sawmiller et al., 2019; Verghese et al., 2013). In addition, blocking this 

interaction could abrogate the isoform specific effects of APOE4 on Aβ levels (Hass et al., 1998; 

Sawmiller et al., 2019). Therefore, we speculate that APOE2 might directly affect how APP is 

presented to APP cleavage enzymes, resulting in alterations in APP processing and Aβ profiles. 

However, future studies will be required to resolve the particular mechanisms that enable this 

potential gain-of-protective effect of APOE2. 

In conclusion, our findings using isogenic hiPSC-derived neurons provide some of the 

first characterization of APOE2-dependent changes in a hiPSC cell culture model. In particular, 

we choose to examine these APOE2 effects in the context of fAD lines that have consistently 

displayed robust AD-related phenotypes (Israel et al., 2012; Kondo et al., 2013; Konttinen et al., 

2019). Remarkably, introduction of APOE2 into hiPSCs with fAD-related mutations significantly 

mitigated the strong disease-related phenotypes typically observed in the neural cultures derived 

from these cell lines. Even though disease-relevant phenotypes in neural cells generated from 

sporadic AD (sAD) hiPSCs have been highly variable or largely absent (Raman et al., 2020), 

future studies that employ APOE isogenic sAD hiPSCs will be necessary to increase the 

translation of these findings to LOAD. Finally, although we did not interrogate all the potential 

hypothesized mechanisms by which APOE2 modulates AD-risk, we uncovered clues that will set 

the stage for more detailed studies. In particular, APOE2 had a strong mitigating effect on Aβ 

production likely through a mechanism related to modulation of amyloidogenic processing APP. 

Collectively, these results open up potential new targets to mimic the protective effects of APOE2 

to alleviating AD onset and disease-related progression.  
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Figure 3.1. Isogenic hiPSC-derived model of AD reveals isoform-specific effects of APOE2.  
(A) Characterization of hiPSC-derived neural cultures by immunofluorescence for neuronal marker 
TUJ1, mature neuron markers MAP2 and NEUN, and astrocyte marker GFAP. (B) Quantification 
of secreted soluble Aβ levels in cell supernatant normalized to cellular protein amounts, relative to 
corresponding E3/3 cultures. n=15~16 from 3 independent differentiations; * = p<0.05, ** = p<0.01, 
*** = p<0.001, **** = p<0.0001. 
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Figure 3.2. Isoform-specific effect of APOE2 on tau protein.  
(A) Quantification of phosphorylated-tau in cell lysates normalized to total protein. (B) 
Quantification of total tau normalized to total protein in lysate (c) Corresponding ratio of 
phosphorylated-tau protein to total tau. n=14~15 from 3 independent differentiations; * = p<0.05, ** 
= p<0.01, *** = p<0.001, **** = p<0.0001. 
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Figure 3.3. Isolation of pure populations of neurons and astrocytes from mixed cultures.  
(A) Schematic of magnetic activated cell separation (MACS) used to isolate pure neuronal and 
astrocytic cell populations. (B) Representative flow cytometry analysis of CD44 expression in 
separated CD44- neurons and CD44+ astrocytes. (C) Immunofluorescence showing expression of 
mature neuron markers MAP2 and NEUN in neuron, but not astrocyte populations. (D) 
Quantification of APOE secretion by astrocyte and neuron populations. (E) Analysis of calcium 
transients show slow calcium transients in the separated astrocytes compared to neuron 
populations. n=3~5; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. 
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Figure 3.4. Amyloid and phosphorylated-tau (p-tau) levels in astrocyte-depleted cultures.  
(A) Quantification of secreted Aβ in mixed and pure neuronal cultures. (B) Quantification of tau 
levels in mixed and pure neuronal cultures. n=6; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = 
p<0.0001. 
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Figure 3.5. Characterization of Aβ uptake and receptor expression in pure astrocytic 
populations.  
Quantification of internalized FAM labelled Aβ42 (n=14~20 from 2-3 independent differentiations ) 
(A), LDLR expression (B), and LRP1 expression (C) in pure astrocytic populations using flow 
cytometry (n=8~11 from 2-3 independent differentiations); * = p<0.05, ** = p<0.01, *** = p<0.001, 
**** = p<0.0001. 
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Figure 3.6. APOE2 alters amyloidogenic processing of APP. 
(A) Quantification of sAPPβ and sAPPα fragments in hiPSC-derived neural cultures (n=12~15 from 
3 independent differentiations). (B) Quantification of the ratio of APP-βCTF to total protein in cell 
lysate (n=4). (C) Quantification of total APP protein normalized to total protein in lysate (n=4~8). 
(D) Comparison of sAPPβ and sAPPα levels in mixed and pure neuronal cultures (n=3~15). * = 
p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. 
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CHAPTER 4 

INVESTIGATING THE MOLECULAR MECHANISMS UNDERLYING THE DIFFERENTIAL 

AMYLOIDOGENIC PROCESSING OF APP IN APOE ISOGENIC NEURONS  

 

4.1 Introduction 

 The elevated amyloid burden in AD patient brains manifests from amyloid precursor 

protein (APP) processivity defects. Four anti-amyloid therapeutics, that have been shown to 

reduce levels of insoluble oligomers and amyloid deposits to varying degrees in patients are 

currently vying for clinical approval (Tolar et al., 2020). However, inconsistencies in their late 

stage clinical outcomes have raised doubts of their efficacy (Knopman et al., 2020). These 

therapeutics address the long-debated amyloid hypothesis, which has implicated the Aβ peptide 

and its extracellular deposition to be the primary cause of neurodegeneration and dementia in AD 

brains. Other studies implicate amyloidogenic pathway precursors, such as the APP-βCTF 

accumulation within endosomes, to cause endolysosomal network defects that lead to 

neurodegeneration (s). Although anti-amyloid drugs might induce a favorable response in a 

subset of AD patients when administered at an early disease stage, there is a need to address 

the needs of the remainder of the affected population by studying the effects of the multitude of 

genetic risk factors, such as APOE, on upstream amyloidogenic pathway intermediates. As 

described in the chapter 3, we observed that APPdp and PSEN1A246E APOE2 neurons have lower 

levels of APP-βCTF (relative to total APP), compared to APOE3 neurons. As the intraneuronal 

accumulation of the cytotoxic βCTF has been reported in the background of fAD mutations by 

others, it is remarkable to observe a decrease of this fragment in APOE2 neurons (Kim et al., 

2016; Kwart et al., 2019; McPhie et al., 1997; Pera et al., 2013). In this chapter, the molecular 

basis of the differences in APP processing in APOE2 and APOE3 fAD neural cultures is further 

investigated. Additionally, APOE isogenic non-demented control neurons were excluded from this 

downstream analysis as differences in AD phenotype were not observed based on APOE 

genotype and was unlikely to contribute to the investigation of molecular mechanism. 

 



  80 

 4.2 Experimental Methods  

 

4.2.1 Neural differentiation of fAD-hiPSCs. 

 HiPSCs were differentiated to neurons as previously described with some modifications, 

detailed in chapter 3 of this manuscript (Cutts et al., 2016).  

 

4.2.2 Dissociation and isolation of pure neuronal populations from microcarrier cultures. 

 Pure neuronal populations derived from fAD-hiPSCs, depleted of CD44-positive 

astrocytes, were generated as previously described in chapter 3 of this manuscript.  

 

4.2.3 Measurement of APP phosphorylated at Thr-668. 

 Neurons seeded in a 24-well plate at a density of 1-2 x 106 cells per well for six days 

were lysed in TBS buffer containing 1% Triton-X100 (Sigma) [TBS-T] and protease inhibitors 

(ThermoFisher).  Total protein in these lysates were quantified using a detergent compatible 

Bradford assay (ThermoFisher). APP phosphorylated at Threonine-668, as well as total APP,was 

measured using a commercially available semi-quantitative ELISA(Ray Biotech) in equal amounts 

of total protein across each isogenic pair. 

 

4.2.4 Measurement of total GSK3β and GSK3β phosphorylated at Ser-9. 

 Neurons were lysed in TBS-T buffer with protease inhibitors as described above. Equal 

protein lysate was assayed using a semi-quantitative ELISA (Ray Biotech) to measure relative 

amounts of total and phosphor-Ser-9 GSK3β between isogenic pairs. Additionally, a human 

GSK3β quantitative ELISA (Aviva Systems Bio) was used to measure the total GSK3β in cell 

lysates.  
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4.2.5 Measurement of ADAM10 and BACE1 protein 

 ADAM10 levels in TBS-T neuronal lysates were measured using the human ADAM10 

quantitative ELISA (Aviva Systems Bio) and normalized to total protein levels. BACE1 levels in 

neuronal lysates in RIPA buffer were measured using the human BACE1 ELISA (IBL). 

 

4.2.6 RNA-seq analysis  

 RNA-sequencing samples were analyzed as discussed in chapter 3. Briefly, single end 

sequenced reads were mapped to the human hg19 reference genome using HISAT2 and 

differentially expressed genes were identified using the DESeq2 algorithm (Kim et al., 2015; Love 

et al., 2014).  

 

4.2.7 Statistical analysis 

 Two-sided t-tests were used to identify statistically significant (p-value less than 0.05) 

differences between two groups, with Welch’s correction for unequal sample sizes. All data is 

denoted as mean ± s.e.m using GraphPad Prism (v9) unless otherwise noted. 

 

4.3  Results 

 

4.3.1 APPdp APOE2 neurons express a distinct profile of APP processing enzymes 

 The primary enzyme responsible for ⍺-site cleavage of APP in human neurons is a 

disintegrin and metalloproteinase 10 (ADAM10) (Kuhn et al., 2010). The aspartyl protease β-site 

APP cleaving enzyme I (BACE1) predominantly expressed in neurons, is responsible for the first 

cleavage APP in the amyloidogenic pathway (Vassar et al., 1999). Previous studies have shown 

that neurons derived from BACE1 knockout mice do not secrete detectable levels of Aβ, whereas 

their BACE2 knockout counterparts displayed no difference in Aβ level compared to wildtype 

mice, identifying BACE1 as the primary β-secretase enzyme in neurons (Dominguez et al., 2005). 

Moreover, BACE2 has been reported to preclude the formation of Aβ  by cleaving near the ⍺-

secretase site (Sun et al., 2005; Yan et al., 2001).  
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 The reduced sAPPβ/sAPP⍺ ratio, coupled with lower levels of APP-βCTF relative to total 

APP in APPdp APOE2 neurons (Figure 3.6) point to preferential non-amyloidogenic processing of 

APP by ⍺-secretase in APOE2 neurons, and elevated amyloidogenic APP processing by β-

secretase in APOE3 cultures. We hypothesized that this difference stems from the differential 

expression of enzymes responsible for the first cleavage of APP. To investigate this hypothesis, 

we first looked at the transcriptional profile of the cleavage enzymes in mixed neuronal cultures, 

and subsequently measured their concentration in neuronal cell lysates. At the transcriptional 

level, we observed elevated levels of the non-amyloidogenic pathway enzymes ADAM10, ADAM9 

and BACE2 only in the APPdp APOE2 neurons (Figure 4.1a). Surprisingly, we observed elevated 

levels of ADAM9 mRNA in the PSEN1A246E APOE3 cultures. Additionally, there was no significant 

difference in BACE1 mRNA expression across the fAD mutant pairs. This observation parallels 

other studies that did not observe a difference in BACE1 expression at the mRNA level between 

AD and control brains (Gatta et al., 2002; Holsinger et al., 2002; Preece et al., 2003; Yasojima et 

al., 2001).  

 We proceeded to quantify the amount of ADAM10 protein in APOE isogenic mixed 

neuronal culture lysate. We found that the level of ADAM10 protein was significantly higher in the 

APPdp APOE2 neurons, but no significant difference was observed in the APPV717I and 

PSEN1A246E pairs (Figure 4.1b). Although the elevated level of ADAM10 would suggest that more 

APP was processed by the non-amyloidogenic pathway reducing the amount of APP processed 

by BACE1, others have reported that the secretases do not always compete for APP (Kuhn et al., 

2010; Skovronsky et al., 2000). It was later reported that the ‘inverse coupling’ of ADAM10 and 

BACE1 was only partial in primary cortical neurons, with the inhibition of BACE1 activity resulting 

in increased ADAM10 cleavage, but not vice versa (Colombo et al., 2013). Therefore, we 

subsequently examined the BACE1 protein levels in our APOE isogenic mixed neuronal culture 

lysates. As expected, we observed that higher levels of BACE1 protein were present in the APPdp 

and PSEN1A246E APOE3 neurons (Figure 4.1c), corroborating the elevated levels of APP-βCTF 

in these APOE3 cultures.  
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4.3.2 APPdp APOE2 neurons have altered APP phosphorylation profile 

 APP undergoes a number of post-translational modifications, including N- and O-

glycosylation and phosphorylation at different ectodomain and cytoplasmic sites, that affect its 

trafficking, processing and function (Haass et al., 2012). In human neurons, the APP695 isoform 

is N-glycosylated to generate immature APP (imAPP) within the endoplasmic reticulum and Golgi, 

followed by further O-glycosylation within the Golgi network, to generate mature APP (mAPP) in 

preparation for subsequent α- or β-secretase cleavage (Thinakaran and Koo, 2008). Deficiencies 

in APP glycosylation could affect its trafficking and enzymatic cleavage.  The potential for 

phosphorylation of serine, threonine and tyrosine of APP695 has been reported at least eight 

residues in the cytoplasmic domain and two residues in the ectodomain in the AD brain  (Oliveira 

et al., 2017). Further, others reported that APP-CTFs in the AD brain can be phosphorylated at  

seven different cytoplasmic sites, including at Threonine 668 (T668)  (Lee et al., 2003; Shin et al., 

2007). Remarkably, Lee et al.  not only revealed that the levels of APP-CTF fragments 

phosphorylated at T668(pT668) was elevated in the hippocampal lysates of AD patients relative 

to control subjects, but also that this phosphorylation leads to preferential BACE1 cleavage and 

subsequent Aβ generation.  To investigate the extent to which APOE2 affects the 

phosphorylation of APP, we compared the proportion of pT668 to total APP in mixed neuronal 

cultures. Interestingly, we found that the APPdp APOE3 neurons have a higher proportion of 

pT668 relative to APOE2 neurons (Figure 4.2a). However, the levels of pT668 were not 

significantly different between the APOE isogenic pairs in the context of the PSEN1A246E and 

APPV717I mutations. A large number of kinases and signaling pathways are involved in APP695 

phosphorylation, each influencing different downstream effects (reviewed in Zhang et al., 2019) . 

 In vitro studies have shown that APP phosphorylation is mediated by distinct pathways 

modulated by cyclin-dependent kinase 5 (CDK5), glycogen synthase kinase 3β (GSK3β) and 

other key kinases depending on the cellular state of a neuron (Muresan and Muresan, 2007). We 

examined the transcriptomic profile of the isogenic APOE neurons across the fAD lines to 

ascertain the level of expression of these key kinases. Remarkably, we saw a significant 

upregulation of CDK5 and GSK3β mRNA in the APPdp APOE3 neurons relative to their APOE2 
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counterparts (Figure 4.2b). Strikingly the MAPT gene encoding the tau protein, a key target of 

the GSK3β, was upregulated in both APPdp and PSEN1A246E APOE3 neurons. We also observed 

that CDK5 regulatory subunit 1 (CDK5R1) expression was upregulated in both APPdp and 

PSEN1A246E APOE3 neurons. The CDK5R1 gene encodes the p35 activator protein which is 

essential for the enzymatic activity of CDK5 in neurons. Others have previously shown that the 

truncated form of the p35 protein, p25, is elevated in AD brains and associates with CDK5 to form 

a hyperactive CDK5/p25 complex that has prolonged activity (Patrick et al., 1999; Taniguchi et 

al., 2001). Notably, we observed that CAPN2 expression, encoding calcium dependent protease 

calpain-2, was upregulated in PSEN1A246E APOE3 neurons. This is consistent with a previous 

report of elevated calpain-2 protease levels in AD brains, that cleaved the p35 protein to p25 

postmortem in human and rat brains (Taniguchi et al., 2001; Zhang et al., 2017). However, others 

have found no difference in p25 levels in AD brains postmortem, which suggests that AD 

pathology manifests via different pathways dependent on mutations and associated risk factors 

(Nguyen et al., 2002; Tandon et al., 2003).  

 The elevated expression of the GSK3β transcript in APPdp APOE3 neurons prompted us 

to explore GSK3β protein and activity in our isogenic mixed cultures. As it relates to protein 

expression, we observed higher levels of total GSK3β in in both APPdp and APPV717I APOE3 

neurons, but this trend was reversed in the case of the PSENA246E mutation (Figure 4.3A). 

GSK3β is a constitutively active kinase, with phosphorylation at its Ser9 residue rendering the 

enzyme inactive (Fang et al., 2000). To measure the amount of active GSK3β in our cultures, we 

first quantified the proportion of inactive GSK3β phosphorylated at the S9 residue (Figure 4.3B) 

and then calculated the fraction of active GSK3β based on the total GSK3β in the culture. We 

observed that the amount of active GSK3β paralleled the trend previously reported for the total 

GSK3β in our cultures (Figure 4.3C). As GSK3β is a key kinase involved in tau phosphorylation 

and taking into consideration our observation of elevated pTau levels in both APPdp and 

PSENA246E APOE3 neurons (Figure 3.2A), it is possible that elevated tau phosphorylation occurs 

through other kinases in the PSEN1 APOE3 mutant line. Indeed, we observed the elevated 
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mRNA expression of MARK1 and  PRKACB (Figure 4.3D), two key kinases implicated in tau 

phosphorylation PSENA246E APOE3 neurons (Johnson and Stoothoff, 2004; L. Wang et al., 2019). 

 

4.4 Conclusion 

 With recent anti-amyloid drugs failing to satisfy their primary endpoints in late-stage 

clinical trials, it is crucial to understand the mechanism of action and target pathway intermediates 

upstream of Aβ. In this study we aimed to delve into the molecular mechanism driving the 

‘protective’ effect of APOE2 in cortical fAD-iPSC derived neurons that lead to a lower level of Aβ 

production relative to their isogenic APOE3 neurons. Endosome enlargement is the earliest sign 

of AD pathology, preceding the deposition of amyloid by decades in Down syndrome (DS) 

patients (Cataldo et al., 2000).  Kwart et al. have previously reported β-CTF levels to correlate 

with observed endosomal abnormalities in iPSC derived neurons to a larger degree than the Aβ 

load (Kwart et al., 2019). Indeed, the inhibition of BACE1 and subsequent reduction in β-CTF in 

DS fibroblasts reverses endosome abnormalities, whereas the overexpression of in β-CTF 

induces endosome dysfunction (Jiang et al., 2010). In a detailed investigation of both APP and 

PSEN1 fAD iPSC derived neurons Hung et al. report the presence of endosomal defects in APP 

mutants and endo-lysosomal defects in the PSEN1 mutation background (Hung and Livesey, 

2018). Interestingly, BACE1 inhibition reduced APP-β-CTF levels and corrected lysosome-

autophagy defects observed in these neurons. We report here that the level of BACE1 protein 

was lower in APOE2 neurons derived from both APPdp and PSENA246E mutants. In addition, the 

level of non-amyloidogenic processing was significantly elevated in APOE2 APPdp neurons. In 

sum, the APOE2 protein is seemingly involved in the differential expression of the APP ⍺- and β-

secretases and the mechanism underlying this effect remains to be explored. 

 Post-translational modifications of the APP protein, and its processing enzymes, 

influence its trafficking and processing via either the amyloidogenic pathway in the 

endolysosomal network, or the nonamyloidogenic pathway at the plasma membrane. The 

cytoplasmic phosphorylation of APP at Thr668 is one such modification, that increases the 

BACE1 cleavage of APP(Lee et al., 2003). Our transcriptomic analysis showed that various key 
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kinases involved in APP-T668 phosphorylation (reviewed in Zhang et al., 2019) were differentially 

expressed between the APPdp and PSENA246E  APOE isogenic neurons. However, we observed 

that the proportion of pAPP-T668 was elevated only in the APPdp  APOE3 neurons, suggesting 

that elevated BACE1 processing of APP in the PSENA246E APOE3 neurons is not directed by the 

increased phosphorylation of this residue.  As the Cdk5 mediated phosphorylation of BACE1 at 

the Thr252 residue has been reported to increase its activity, further experimentation to explore 

this avenue in PSENA246E APOE3 neurons might explain the elevated level of APP β-CTF relative 

to their APOE2 counterparts (Song et al., 2015). Additionally, we observed significantly higher 

levels of active GSK3β, a key kinase involved in both APP-T668 and Tau phosphorylation, in 

APOE3 neurons of both APP mutants, whereas the PSENA246E APOE2 neurons had higher levels 

of active GSK3β. Strikingly, the PSENA246E APOE3 neurons had significantly more MARK1 and 

PRKACB mRNA that their APOE2 variants, which might be involved in equalizing the level of 

pAPP-T668 in this isogenic pair.  

 In addition to affecting the processing of APP by BACE1 as described previously, 

phosphorylation at APP-T668 can modulate APP endocytosis. The phosphorylation of the T668 

residue causes confirmational changes in the cytoplasmic domain of APP that interfere with the 

binding of adaptor proteins, such as FE65, to the proximal 682YENPTY687 motif affecting its 

trafficking and processing (Ando et al., 2001). Studies have shown that FE65 increases the 

translocation of APP in the endoplasmic reticulum and Golgi to the plasma membrane, where it 

can be processed by ⍺-secretase or trafficked to endosomes for β-secretase cleavage (Sabo et 

al., 1999). Interestingly our transcriptomic analysis revealed that the components of the late 

endosomal machinery, namely the endosomal sorting complexes required for transport (ESCRT-

1) complex -MVB12, VPS28 and VPS37, were significantly upregulated in APPdp APOE3 neurons 

(data not shown). This coupled with the fact that the accumulation of APP β-CTF correlates with 

the endosomal dysfunction in AD leads us to hypothesize that APOE2 exerts its protective effect 

by modulating the endocytosis and intracellular trafficking of APP to encourage it toward non-

amyloidogenic processing in neurons. Measuring the surface expression of APP and APOE 
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receptors such as LRP1 involved in APP trafficking might yield insight into the role of APOE2 in 

the reduction of pathogenic β-CTF in these cells. 
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Figure 4.1. APP processing enzyme expression in APOE isogenic neurons. 
(A) Comparison of the transcriptomic profile of ⍺- and β-site cleavage enzymes implicated in APP 

processing with ‘*’ indicating genes that were differentially expressed. Quantification of ADAM10 
(B), and BACE1 (C) protein expression normalized to total protein in mixed neuronal cell lysates. 
n=4~17 from 1-2 independent differentiations; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = 
p<0.0001. 
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Figure 4.2. Isoform-specific effect of APOE2 on APP phosphorylation.  
(A) Quantification of pT668-APP in cell lysates normalized to total APP protein. n=5~6 (B) 
Comparison of the expression of key genes implicated in APP phosphorylation with ‘*’ indicating 
genes that were significantly upregulated; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. 
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Figure 4.3. Isoform-specific effect of APOE on GSK3β activity.  
(A) Quantification of total GSK3β in cell lysates normalized to total protein (B) Proportion of GSK3β 
phosphorylated at S9 (Inactive) to total GSK3β in lysate (C) Quantification of active GSK3β in cell 
lysate from proportion of inactive GSK3β in total GSK3β in sample. n=4~9 (D) Comparison of the 
expression of key genes implicated in Tau phosphorylation with ‘*’ indicating genes that were 
significantly upregulated; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. 
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CHAPTER 5 

SUMMARY AND FUTURE WORK 

 

5.1 Project Summary  

 

 5.1.1  Specific Aim 1: Generate, characterize and evaluate the scalability and 

cryopreservation-potential of functional astrocytes derived from fAD-hiPSC lines so as to 

develop assays to measure AD phenotype across multiple cell lines. 

 As a part of our first specific aim to begin investigating the role of APOE2 in regulating 

AD phenotype, we proposed to develop a scalable system that allowed for the differentiation of a 

sufficient number of patient-iPSC derived astrocytes in chapter 2 of this manuscript. Following 

preliminary characterization using flow cytometry for CD44 expression, RT-qPCR for the 

canonical astrocyte markers GFAP and VIM, and immunofluorescence staining of GFAP and 

S100β, we proceeded to characterize our system further using RNA-seq and calcium imaging 

analysis. Not only did these astrocytes have a distinct transcriptomic profile compared to their 

parent NPCs and corresponding neurons, but they also secreted robust amounts of APOE protein 

and responded to inflammatory stimuli by secreting the cytokines MCP-1, IL-6 and IL-8. 

Additionally, as astrocytes are implicated in the uptake and degradation of Aβ, we used a flow 

cytometry-based assay to monitor the clearance of Aβ from the extracellular space. Finally, we 

confirmed the cryopreservation-potential of mature astrocytes by evaluating and comparing their 

functionality with that of astrocytes prior to cryopreservation. 

 

5.1.2  Specific Aim 2: Develop and characterize a system to evaluate the cell- 

type specific contribution of both neurons and astrocytes to AD phenotype in APOE2 and 

APOE3 isogenic neural cultures derived from fAD and non-demented control patient 

iPSCs. 

We explored the second specific aim in chapter 3 of this manuscript, where we 

developed a system to ascertain the role of APOE-2 and -3 isogenic neurons and astrocytes in 
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manifesting the AD phenotype. By measuring the level of Aβ42 secretion by neurons (source) 

and the level of Aβ42-FAM uptake by astrocytes (sink), we concluded that the elevated Aβ42 

levels observed in our APOE3 cultures was regulated by the preferential amyloidogenic 

processing of APP in these neurons, as opposed to the enhanced clearance of Aβ by APOE2 

astrocytes. This conclusion is corroborated by the observation that the amyloidogenic pathway 

intermediates sAPPβ and APP-βCTF were elevated in the APPdp and PSEN1A246E APOE3 

neurons, despite there being no significant difference in the level of APP protein between the 

isogenic pairs. This trend was absent in our third fAD mutant pair APPV717I suggesting that the 

non-amyloidogenic protein processing prompted by APOE2 in the two other fAD lines was 

insufficient to overcome the enhanced BACE1 cleavage characteristic of this mutant.  

 

5.1.3 Specific Aim 3: Elucidate differences in APP processing between APOE2 

and APOE3 isogenic neural cultures by investigating pathway intermediates that may 

confer a protective effect to APOE2. 

 Our third specific aim to further explore the differences in APP processing between the 

APOE isogenic pairs is addressed in chapter 4 of this manuscript. As there was no significant 

difference in total APP levels between the fAD isogenic pairs, we hypothesized that ADAM10 (the 

primary ⍺-secretase) and BACE1(the primary neuronal β-secretase) compete for APP as a 

substrate in an APOE dependent manner. Specifically, that in APOE2 neurons, APP is processed 

preferentially by ADAM10 and therefore the levels of APP available for endosomal BACE1 

processing are lower than in APOE3 neurons. However, we only observed this inverse 

relationship between the secretases in the APPdp isogenic neurons.  Although ADAM10 

expression was not elevated in the PSEN1A246E APOE2 neurons, the level of BACE1  protein was 

significantly lower, supporting the notion of a partial  inverse coupling previously reported by 

others (Colombo et al., 2013) .  These differences in APP processing are likely mediated by the 

enhanced phosphorylation of APP at the Thr668 residue in APPdp APOE3 neurons. 

Transcriptome analysis revealed that various key kinases involved in the phosphorylation of APP, 

Tau and BACE1, including CDK5, its regulator CDK5R1 and GSK3β are differentially expressed 
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between the isogenic APOE neurons. The levels of active GSK3β protein were significantly 

higher in both APP fAD mutant APOE3 neurons, but lower in the PSEN1 mutant. Therefore, 

further analysis of these kinases and their activity in these isogenic neurons are sure to yield 

insights into differential APP endocytosis, trafficking and processing. 

 

5.2 Future Work 

 In this study we used patient iPSC derived neurons isogenic for APOE to explore the role 

of the rare, understudied and neuroprotective APOE2 in the manifestation of AD phenotype in 

vitro. Remarkably, the presence of the APOE2 allele markedly reduced neuronal Aβ secretion 

and the level of intracellular APP-βCTF, even in the context of fully penetrant monogenic 

mutations in APP and PSEN1. A similar study in sAD cell lines, with well characterized AD 

pathology, and an isogenic conversion of the native APOE-3 or -4 allele to the APOE2 variant is 

required to bolster the conclusions of this study. Although this study examined the role of 

astrocyte in the uptake of Aβ from the extracellular space, further study of the secreted Aβ 

degrading enzymes and co-culture with a physiological ratio of neurons will be beneficial to 

evaluate their contribution in the context of APOE2. 

Others have reported that APP-βCTF accumulation leads to, and is a better predictor of, 

endosomal dysfunction - including upregulation of endocytic genes, endosome enlargement and 

increased endosomal count (Nixon, 2017). Interestingly, APOE4 carriers present enlarged early 

endosomes compared to the E2 and E3 carriers in the preclinical stages of sAD (Cataldo et al., 

2000). Experiments to measure alterations in the endosomal, lysosomal and autophagy 

machinery of APOE isogenic neurons will allow for the elucidation of the role of APOE2 in APP 

trafficking and processing. He et al. have previously reported that exogenously added APOE4 

protein increases APP-βCTF by triggering the endocytosis of APP, BACE1 and the APOE 

receptor ApoER2 in neuroblastoma cells (He et al., 2007). The generation of APOE knockout 

neurons in NDC and fAD backgrounds will allow us to measure the APOE2 isoform and dose-

dependent effect on endocytosis, intracellular trafficking and processing of APP.  
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APPENDIX A 

SUPPLEMENTARY FIGURES FOR CHAPTER 1 
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Table A-1. Summary of studies using hiPSC-derived brain cells to model effects of fAD 
and sAD mutations and risk factors. 
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APPENDIX B 

SUPPLEMENTARY FIGURES FOR CHAPTER 2 

  



  138 

 
 

 

Supplementary Figure B.1. Characterization of hNPCs used in this study. 
Immunofluorescence of hNPC markers SOX1, SOX2, and NESTIN.  
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Supplementary Figure B.2. Immunofluorescence analysis for expression of GFAP in D50+ 
cultures.  

Single channel images for immunofluorescent analysis for expression of GFAP presented in 
Figure 2.1 (D). 
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Supplementary Figure B.3. Immunofluorescence analysis for expression of S100β in D50+ 
cultures. 

Single channel images for immunofluorescent analysis for expression of S100β presented in 
Figure 2.1 (D). 
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Supplementary Figure B.4. Confocal imaging analysis of β-amyloid (Aβ) uptake in 
astrocytes.  

Fluorescent imaging analysis of FITC-Aβ and Alexa 647-dextran uptake in NDC-1 and NDC-2 
astrocytes on VDP. 
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Supplementary Figure B.5. Analysis of calcium transients in single astrocytic cells derived 
on VDP- and LN-coated substrates.  

Calcium transients were measured in single astrocyte cells using the fluorescent calcium indicator 
(Fluo-4). The maximum change (ΔF/F) in fluorescent intensity is shown for the transients of 
individual cells (rows). 
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Supplementary Figure B.6. Immunofluorescent images of GFAP and S100β in pre- and 
post-cryopreserved astrocytes.  

Single channel images for immunofluorescent analysis for expression of GFAP and S100β 
presented in Figure 2.7(B). 
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Supplemental Table B.1 List of antibodies used in Chapter 2. 
 
 

Antibody Vendor Catalog # 
Concentration 

Used 

Mouse PE anti-CD44 BD Biosciences 550989  20uL per test 
(1 × 10^6 cells) 

Rabbit anti-GFAP Abcam AB7260 1:200 

Mouse anti-S100β Sigma S2532 1:500 

Goat anti-SOX2 Santa Cruz SC-17320 1:50 

Mouse anti-NESTIN BD 560341 1:50 (IF), 1:10 
(FC) 

Mouse anti-SOX1 BD 560749 1:50 

Mouse PE IgG1 isotype 
control 

BD Biosciences 555749  20uL per test 
(1 × 10^6 cells) 

Alexa 647 Donkey anti-Goat Life Technologies A-21447 1:200 

Alexa 647 Donkey anti-Mouse Life Technologies A-31571 1:200 

Alexa 647 donkey anti-Rabbit Life Technologies A-31573 1:200 

Alexa 488 Donkey anti-Goat Life Technologies A-11055 1:200 

Alexa 488 Donkey anti-Mouse Life Technologies A-21202 1:200 

Alexa 488 Donkey anti-Rabbit Life Technologies A-21206 1:200 
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Supplemental Table B.2 List of qPCR primers used in Chapter 2. 
 

Gene Forward (5' --> 3') Reverse (5' --> 3') 
Product 

(bp) 

18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 151 

GFAP 
GGCCCGCCACTTGCAGGAGTACC

AGG 
CTTCTGCTCGGGCCCCTCATGAG

ACG 
328 

VIM GAGAACTTTGCCGTTGAAGC TCCAGCAGCTTCCTGTAGGT 170 
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Supplemental Table B.3 Description of hPSC lines used in Chapter 2. 
 

Cell Line Disease Status Reference 

NDC-1 
Non-demented 

control 
Neuroscience Lett. 2011 Sep 20; 502(3): 219–224. 

NDC-2 
Non-demented 

control 
Stem Cell Res. 2017 Dec;25:266-269 

FAD-1 Familial AD Nature. 2012 Jan 25;482(7384):216-20 

FAD-2 Familial AD 
https://biomanufacturing.cedars-sinai.org/product/cs40ifad-

nxx/ 

SAD-1 Sporadic AD Stem Cell Res. 2017 Dec;25:266-269 

SAD-2 Sporadic AD Stem Cell Res. 2017 Oct;24:160-163. 
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This table can be downloaded on the ACS publications website. 
 
Supplemental Table B.4. Complete RNA-seq data set for hNPCs, neurons, and astrocytes 
generated on VDP- and LN-coated surfaces. 
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This table can be downloaded on the ACS publications website. 
 
Supplemental Table B.5. List of genes that are expressed at statistically (FDR <0.05, Fold 
change > 1.5) different levels in RNA-seq dataset used in Chapter 2. 
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Supplemental Table B.6. Comparison of phenotypic characterization of astrocytes in 
Chapter 2 with astrocytes generated in previous studies using undefined, xenogeneic 
substrates. 
 
 

 
 

  

This Study

Zhao et al. Hum Mol 

Genet. 2017 Jul 

15;26(14):2690-2700

Tcw et al. Stem Cell 

Reports. 2017 Aug 

8;9(2):600-614

Santos et al. Stem Cell 

Reports. 2017 Jun 6;8(6) 

1757-1769

Lundin et al. Stem Cell 

Reports. 2018 Mar 

13;10(3):1030-1045

Morphology Flat, star shaped (Figure 2.1A, Figure 2.7A) Not assayed Flat, star shaped Flat, star shaped Flat, star shaped

CD44 Positive (Flow Cytometry;Figure 2.1B) Not assayed Not assayed
Positive 

(Immunofluorescence)

Positive 

(Immunofluorescence, 

qPCR) 

S100β/GFAP 

Expression

Positive (Immunofluorescence, Flow 

cytometry, qPCR; Figures 2.1C-E, 2.6C-D, 2.7B-

C) 

Positive 

(Immunofluorescence)
Positive (Flow Cytometry)

Positive 

(Immunofluorescence)

Positive 

(Immunofluorescence, 

qPCR) 

RNA-Seq

Upregulation of genes and GO terms 

associated with astrocyte maturation , 

immune system process, cytokine-mediated 

signalling pathway, response to stress, 

regulation of immune system processes ; 

Downregulation of genes and GO-terms 

related to neuronal maturation and 

functionality (Figure 2.2)

Not assayed

Upregulation of genes 

related to signals 

promoting extracellular cell 

adhesion and interactions; 

Downregilation of genes 

regulating neuronal 

maturation such as synapse 

or ion channel formation

Upregulation of genes and 

GO terms related to 

inflammatory response, 

immune response and 

chemoking and cytokine 

activity.

Upregulation of 

canonical genes 

related to mature 

astrocytes

APOE Secretion
25-200 ng/mg Total Protein (Figure 2.3A, 

2.7D)
50-100 ng/mg Total Protein Not assayed Not assayed

5-15 ng APOE /1000 

cells

Inflammatory 

Response

Elevated IL-6, MCP-1, IL-8  in response to 

inflammatory stimuli (Figure 2.3B-C, 2.7E-F)
Not assayed

Elevated IL-6 in response to 

inflammatory stimuli 

Elevated IL-6, IL-8 

expression in response to 

inflammatory stimuli 

Elevated IL-8 

expression in 

response to 

inflammatory stimuli 

Aβ Uptake Robust uptake of Aβ (Figure 2.4) Not assayed Not assayed Not assayed Not assayed

Spontaneous 

Calcium Transient 

Activity

Spontaneous waves of calcium transients 

(Figure 2.5, 2.6E, 2.7G)
Not assayed

Spontaneous waves of 

calcium transients

Spontaneous waves of 

calcium transients

Spontaneous waves of 

calcium transients
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The following videos can be downloaded on the ACS publications website. 
  
Supplementary Movie B.1. Representative recording of fluorescent calcium transients in 
NDC-1 astrocytes derived on VDP-coated substrates. 
 
Supplementary Movie B.2. Representative recording of fluorescent calcium transients in 
NDC-1 astrocytes derived on LN-coated substrates. 
 
Supplementary Movie B.3. Representative recording of fluorescent calcium transients in 
FAD-1 astrocytes derived on VDP-coated substrates. 
 
Supplementary Movie B.4. Representative recording of fluorescent calcium transients in 
FAD-1 astrocytes derived on LN-coated substrates. 
 
Supplementary Movie B.5. Representative recording of fluorescent calcium transients in 
SAD-1 astrocytes derived on VDP-coated substrates. 
 
Supplementary Movie B.6. Representative recording of fluorescent calcium transients in 
SAD-1 astrocytes derived on LN-coated substrates. 
 
Supplementary Movie B.7. Representative recording of fluorescent calcium transients in 
NDC-1 astrocytes derived on VDP-coated MCs. 
 
Supplementary Movie B.8. Representative recording of fluorescent calcium transients in 
NDC-2 astrocytes derived on VDP-coated MCs. 
 
Supplementary Movie B.9. Representative recording of fluorescent calcium transients in 
NDC-1 astrocytes pre-cryopreservation. 
 
Supplementary Movie B.10. Representative recording of fluorescent calcium transients in 
NDC-1 astrocytes post-cryopreservation. 
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APPENDIX C 

SUPPLEMENTARY FIGURES FOR CHAPTER 3 

 
  



  152 

 

 
Supplemental Figure C.1. Characterization of isogenic APOE2 fAD hiPSC line with APPdp 
mutation.  
(A) Immunofluorescence analysis of pluripotency markers OCT4, SOX2, NANOG. (B) Flow 
cytometry staining for pluripotency marker TRA1-81. An isotype control (Alexa Fluor 647 Mouse 
IgM, κ)  was used for generating gates. (C) Karyotype analysis of edited hiPSCs. (D) Trilineage 
differentiation of APOE2 hiPSCs and immunofluorescence staining of endoderm (AFP), mesoderm 
(SMA), and ectoderm (TUJ1) markers. (E) Sanger sequencing of the APOE locus confirming a 
cysteine at amino acid position 158. 
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Supplemental Figure C.2. Comparison of neuronal marker expression across 
differentiations.  
Representative immunofluorescence staining of mixed neuronal cultures from independent 
differentiations for neuronal marker TUJ1 and mature neuronal markers MAP2 and NEUN. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  154 

 
Supplemental Figure C.3. Amyloid and phosphorylated-tau (p-tau) levels in non-demented 
control (NDC) cultures.  
(A) Quantification of secreted soluble Aβ levels and (B) Tau protein levels in NDC neuronal mixed 
cultures. (n=4); * = p<0.05 
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Supplemental Figure C.4. Comparison of Aβ release and phosphorylated tau (p-tau) levels 
between neural cultures derived from Alzheimer’s disease (AD) and non-demented control 
(NDC) hiPSCs. 
(A) Quantification of secreted soluble Aβ levels in AD neural cultures relative to those in NDC E3/3. 
n=4~15 from 1-3 independent differentiations; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = 
p<0.0001. 
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Supplemental Figure C.5. CD44 expression profile of purified fAD neurons and astrocytes 
across differentiations.  
Flow cytometry plot overlay of purified neurons and astrocytes from two independent 
differentiations stained for CD44 surface protein, gated for corresponding isotype controls. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  157 

 

Supplemental Figure C.6. Additional characterization of purified neuronal and astrocytic 
populations.  
(A) Representative immunofluorescence staining of purified neurons for neuronal marker TUJ1. 
(B) Representative immunofluorescence staining of purified astrocytes for astrocytic maker S100β. 
 

 

 

 

 

 

 

 

 

 

 

 

 



  158 

 

 

 

Supplemental Figure C.7 
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Supplemental Figure C.7. Transcriptional profile of fAD isogenic neurons and astrocytes.  
(A) Comparison of the genes differentially expressed by neurons and astrocytes normalized to the 
maximum FPKM within each isoform, including several cell type specific markers in focus. (B) Gene 
ontology terms for biological process, cell component and molecular function upregulated in pure-
neuron and -astrocyte cultures. (C) Heatmap depicting the Pearson correlation coefficients for gene 
expression levels between fAD neurons and astrocytes. 
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Supplemental Figure C.8. Aβ uptake and secretion levels in purified neuronal and astrocytic 
populations.  
(A) Flow cytometry analysis of labeled FAM-Aβ42 peptide internalization in isogenic neurons and 
astrocyte (n=3 for neurons, n=14~20 for astrocytes). (B) Quantification of secreted Aβ in astrocytes 
compared to paired isogenic neurons (n=3 for astrocytes, n=11~15 for neurons). * = p<0.05, ** = 
p<0.01, *** = p<0.001, **** = p<0.0001. 
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Supplemental Figure C.9. Relationship between Aβ uptake and LDL receptor expression in 
isogenic fAD and NDC astrocytes. (a) Flow cytometry based median intensity measurement of 
dextran normalized Aβ uptake (y axis) is plotted against surface expression of LDLR/LRP1 (x axis) 
receptors with a linear regression line (x-y pairs n=78). (b) Linear regression line of Aβ uptake (y 
axis) and LDLR/LRP1 expression (x axis – top/bottom) for each cell line (x-y pairs n= 22 [APPV717I] 
, 22 [APPdp], 16 [PSEN1A246E], 18 [NDC]). (c) ApoE isoform-specific linear regression line of Aβ 
uptake (y axis) and LDLR/LRP1 expression (x axis – top/bottom) for fAD astrocytes (x-y pairs 
n=30). Spearman correlation coefficient (r) and p values are reported on all plots. 
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