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Abstract 

Autophagy is a vital homeostatic pathway essential for cellular survival and 

human health. It primarily functions as an intracellular degradation process for 

the turnover of unwanted cytoplasmic materials such as aggregation-prone 

proteins, damaged organelles and invading pathogens. Defective autophagy 

contributes to the pathology of a myriad human diseases including 

neurodegeneration and infection, and thus therapeutic exploitation of 

autophagy presents an attractive opportunity. The work described in this thesis 

involves establishment of human embryonic stem cell (hESC) models of 

autophagy for studying its homeostatic role and developing screening platforms 

in physiologically-relevant human cell-types of interest. The autophagy-deficient 

(ATG5–/–) hESC-based system was used to address how loss of autophagy 

leads to cytotoxicity; an important question relevant to neurodegeneration. The 

ATG5–/– hESCs and hESC-derived neurons exhibited basal cytotoxicity 

accompanied by a specific metabolic defect. Depletion of NADH was found to 

be mediating cytotoxicity during autophagy deficiency via mitochondrial 

depolarisation, since boosting cellular NADH levels improved cell viability and 

mitochondrial membrane potential in ATG5–/– neurons. This intervention was 

also cytoprotective in a human induced pluripotent stem cell (hiPSC)-based 

disease model of a neurodegenerative lysosomal storage disorder associated 

with autophagy dysfunction, and thus could be relevant for related 

neurodegenerative conditions. The autophagy reporter (mCherry-EGFP-LC3) 

hESC-based system was developed for identifying potent autophagy inducers 

enhancing pathogen clearance in macrophages; relevant for combating 

infection. The hESC-derived macrophages were characterised to confirm their 

cellular identity. These isogenic platforms can be of basic and biomedical 

relevance for mechanistic studies of autophagy regulation including human cell-

type specific effects, and drug discovery of autophagy modulators for 

therapeutic applications in human diseases. 
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Chapter 1: Introduction 

Introduction sections 1.1, 1.2, 1.3, 1.4 and 1.6, and parts of 1.8, 1.9 and 1.10, have 

been published in my first-author review article: Seranova E., Palhegyi A.M., Verma 

S., Dimova S., Lasry R., Naama M., Sun C., Barrett T., Rosenstock T.R., Kumar D., 

Cohen M.A., Buganim Y., Sarkar S. Human induced pluripotent stem cell models of 

neurodegenerative disorders for studying the biomedical implications of autophagy. 

Journal of Molecular Biology 432(8): 2754-2798 (2020) [PMID: 32044344]. 

Introduction section 1.5 has been published in my first-author review article: Seranova 

E., Ward C., Chipara M., Rosenstock T.R., Sarkar S. In Vitro Screening Platforms for 

Identifying Autophagy Modulators in Mammalian Cells. Methods in Molecular Biology 

1880: 389-428 (2019) [PMID: 30610712].  

1.1. Overview  

Macroautophagy (referred herein as autophagy) is a highly conserved catabolic 

pathway, which delivers undesirable cytoplasmic materials to the lysosomes for their 

degradation. It plays a constitutive role in the quality control of intracellular 

macromolecules and organelles, thus imperative for the maintenance of cellular and 

energy homeostasis that are vital for human health (Mizushima et al., 2008; Ravikumar 

et al., 2010). Autophagy is implicated in a myriad human physiology including 

development and immunity, whereas its malfunction contributes to the pathology of 

diverse human diseases including neurodegeneration, cancer and infectious 

diseases, amongst others (Jiang and Mizushima, 2013; Levine and Kroemer, 2008; 

Menzies et al., 2017). Of biomedical relevance, pharmacological modulation of 

autophagy imparts therapeutic benefits in experimental models of a range of human 

diseases, including neurodegenerative and infectious diseases (Galluzzi et al., 2017; 

Rubinsztein et al., 2012; Palhegyi et al., 2019; Seranova et al., 2017; Sharma et al., 

2018). However, to fully exploit the therapeutic potential of autophagy, it is pertinent 

to understand how autophagy dysfunction mediates cytotoxicity, and to undertake 

drug discovery in disease-relevant human cell-types.  

The aims of this thesis are to establish physiologically-relevant, human cellular 

platforms with autophagy readouts in order to understand the role of autophagy in 

cellular homeostasis, and to generate screening systems for identifying potent/tissue-

specific autophagy inducers. Autophagy-deficient and autophagy reporter platforms 



20 
 

were established by utilising human embryonic stem cells (hESCs) for their ability to 

differentiate into the desired human cell-types, and genome editing for generating the 

autophagy phenotype. These isogenic hESC-based models were utilised to elucidate 

how loss of autophagy causes cell death in autophagy-deficient hESCs and hESC-

derived neurons, and to establish chemical screening platforms in autophagy reporter 

hESCs and hESC-derived macrophages. 

1.2. The autophagic machinery mediating the autophagy process 

The initiation of the autophagy process in mammalian cells involves the genesis of the 

phagophore, which is an isolation membrane structure that is derived from the 

endoplasmic reticulum (ER)-emanating membrane domains termed as “omegasome” 

and/or from other sources like trans-Golgi, recycling endosomes, plasma membrane 

and mitochondria (Mercer et al., 2018; Tooze and Yoshimori, 2010). The phagophore 

expands to engulf intracellular autophagic cargo that comprises unwanted 

macromolecules like protein aggregates or damaged organelles like mitochondria, 

thereby sequestering the cargo in a double-membrane structure called the 

autophagosome. The cargo-loaded autophagosome then matures through fusion with 

the lysosome to form the autolysosome, thereby promoting the degradation of the 

autophagosomal content by the lysosomal digestive enzymes (Feng et al., 2013). 

Autophagosome maturation is generally a multistep process wherein the 

autophagosome initially fuses with the late endosome to form a hybrid organelle called 

amphisome, which acts as a sink for autophagic and endocytic cargo materials for 

delivery to the lysosomes; however, the autophagosome can also directly fuse with 

the lysosomes (Nakamura and Yoshimori, 2017; Zhao and Zhang, 2018) (Figure 1.1). 

The dynamic turnover of autophagosomes (autophagosome flux) and autophagic 

cargo (autophagic cargo flux) is collectively defined as autophagic flux.  
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Figure 1.1. Mechanism of the autophagy process. 

Autophagy encompasses multiple vesicular compartments and vesicle fusion events 
through which the autophagic cargo is degraded. This process initiates with the 
formation of phagophores at the phagophore assembly site (PAS). The autophagic 
machinery involving several autophagy-related (ATG) proteins enables the expansion 
of the phagophore to form autophagosomes. Autophagic cargo is engulfed in the 
autophagosomes during which specific autophagy receptors mediate selective cargo 
recognition. The autophagosomes either fuse with the late endosomes to form 
amphisomes and then with the lysosomes to form autolysosomes, or directly fuse with 
the lysosomes forming autolysosomes. These vesicle fusion events during 
autophagosome maturation are mediated by various SNAREs, tethering proteins and 
Rab7. The autophagic cargo is eventually degraded in the autolysosomes by the 
lysosomal acid hydrolases.  

Figure reference: Seranova E. et al. Journal of Molecular Biology 432(8): 2754-2798 
(2020).  
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The quantum leap in the explication of the molecular machinery controlling autophagy 

came from the genetic studies in yeasts by Ohsumi and colleagues during the 1990s, 

in which autophagy related (Atg) genes were identified (Mizushima, 2018). Since then, 

numerous studies have elucidated that this dedicated cohort of ATG proteins 

assembles into functional complexes that are activated and recruited to specific 

membrane structures to initiate the autophagy process (Mizushima, Yoshimori and 

Ohsumi, 2011; Klionsky et al., 2003) (Figure 1.1). The apical step in the initiation 

process involves the activation of the ULK1 (unc-51-like kinase-1) complex (Chan, Kir 

and Tooze, 2007), which consists of the serine/threonine-protein kinase ULK1 

(mammalian orthologue of yeast Atg1) and three scaffold proteins that include FIP200 

(focal adhesion kinase family-interacting protein of 200 kDa; also known as RB1CC1), 

ATG13, and ATG101 (Zachari and Ganley, 2017). Once activated, the ULK1 complex 

further phosphorylates a number of downstream targets, which culminate to promote 

autophagosome biogenesis from the phagophore assembly site (PAS) at the 

omegasome on the ER (Karanasios et al., 2013). An important phosphorylation target 

of the ULK1 complex to trigger phagophore nucleation is the class III 

phosphatidylinositol-3-kinase complex 1 (PI3KC3-C1) (Egan et al., 2015), consisting 

of VPS34 (vacuolar protein sorting 34; the catalytic subunit), Beclin 1, ATG14L and 

VPS15 (Kim et al., 2013). Specifically, the ULK1-mediated phosphorylation of PI3KC3-

C1 results in phosphorylation of Beclin1 that activates the VPS34 lipid kinase, and 

subsequently the whole PI3KC3-C1 translocates to the PAS (Russell et al., 2013). 

This interaction between the components of PI3KC3-C1 leads to production of the 

phospholipid, phosphatidylinositol 3-phosphate (PI3P) at the PAS. PI3P then recruits 

the PI3P-binding proteins, such as WIPI2 (WD repeat domain phosphoinositide-

interacting protein 2) and DFCP1 (double FYVE domain containing protein 1) to 

support the expansion of the phagophore membrane (Axe et al., 2008; Dooley et al., 

2014). Phosphorylation of ATG9 by ULK1 also mediates the translocation of ATG9-

positive vesicles to the PAS, where they supply lipid membrane to the expanding 

phagophore (Karanasios et al., 2016). 

The elongation of the phagophore is regulated by two ubiquitin-like conjugation 

systems, which generate modified complexes of autophagy regulators (Mizushima et 

al., 1998; Ichimura et al., 2000) (Figure 1.1). The first ubiquitin-like reaction involves 

the conjugation of ATG12 to ATG5 that is catalyzed by the E1-like enzyme ATG7 and 
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the E2- like enzyme ATG10. The ATG5-ATG12 complex then non-covalently interacts 

with ATG16L1 to form the ATG5-ATG12-ATG16L1 ternary complex. The second of 

the ubiquitin-like reactions involves the conjugation of ubiquitin-like molecules of the 

ATG8 family with membrane-resident phosphatidylethanolamine (PE) (Mizushima, 

Yoshimori and Ohsumi, 2011; Geng and Klionsky, 2008). The human ATG8 family 

comprises of two subfamilies, microtubule-associated protein 1 light chain 3 

(MAP1LC3 or LC3) and γ-aminobutyric acid receptor-associated proteins 

(GABARAPs), which are encoded by seven genes expressing LC3A, LC3B, LC3B2, 

LC3C, GABARAP, GABARAPL1 and GABARAPL2 (also called GATE-16) (Slobodkin 

and Elazar, 2013). Prior to lipidation, the ATG8 protein is processed at its C-terminal 

by a family of cysteine protease, ATG4 (Fernández and López-Otín, 2015). Further, 

ATG7 and ATG3 acting as the respective E1 and E2 enzymes, and ATG12-ATG5-

ATG16L1 complex serving as an E3 ligase, conjugate ATG8 to PE, resulting in the 

incorporation of ATG8-PE in the growing phagophore that aids in phagophore 

expansion, autophagosome formation, and cargo recognition (Mizushima, Yoshimori 

and Ohsumi, 2011; Geng and Klionsky, 2008). One of the autophagosome markers 

generally used for studying autophagy is LC3B (referred herein as LC3), which via this 

conjugation reaction, gets converted from the cytosolic LC3-I form into the membrane-

bound LC3-II form (Kabeya et al., 2000). 

After biogenesis, the maturation of autophagosome occurs through fusion with the late 

endosome and lysosome that is primarily coordinated by three sets of proteins: Rab 

GTPases like Rab7, membrane tethering complexes, such as HOPS (homotypic 

fusion and protein sorting) complex, and SNARE (soluble N-ethylmaleimide-sensitive 

factor-attachment protein receptor) proteins like syntaxin-17 (STX17) and VAMP8 

(Nakamura and Yoshimori, 2017, Zhao and Zhang, 2018) (Figure 1.1). Several 

effector proteins of active GTP-bound Rab7 drive autophagosome mobility and its 

fusion with the late endosomal and lysosomal compartments (Jager et al., 2004, 

Gutierrez et al., 2004). These include RILP (Rab-interacting lysosomal protein) 

(Jordens et al., 2001) and FYCO-1 (FYVE and coiled-coil domain-containing protein 

1) (Pankiv et al., 2010), which respectively recruit dynein and kinesin motor proteins 

for the perinuclear transport of mature autophagosome. Other Rab7 effectors enabling 

vesicle fusion include PLEKHM1 (Pleckstrin homology domain-containing family 

member 1), which acts as an adaptor by binding to both the HOPS complex and 
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LC3/GABARAP (McEwan et al., 2015), and EPG5 (ectopic P-granules autophagy 

protein 5 homolog) that binds to LC3 and stabilises the autophagosomal SNARE 

complex (Wang et al., 2016). Interestingly, class III phosphatidylinositol-3-kinase 

complex 2 (PI3KC3-C2), comprising of VPS34, Beclin 1, VPS15, and UVRAG (UV 

radiation resistance associated gene protein), positively regulates autophagosome 

maturation via the association of UVRAG with the HOPS complex to activate Rab7 

(Liang et al., 2008; Matsunaga et al., 2009). Besides HOPS, other tethering factors 

driving autophagosome fusion events are ATG14L (Diao et al., 2015) and TECPR1 

(Tectonin beta-propeller repeat containing protein 1) (Chen et al., 2012). The SNAREs 

involved in autophagosome maturation form a complex between the autophagosomal 

Q-SNAREs STX17 and SNAP29, and the late endosomal/lysosomal R-SNARE 

VAMP8 (Itakura et al., 2012), which is mediated by ATG14L (Diao et al., 2015). 

Additional regulators of autophagosome maturation are GABARAPs (Nguyen et al., 

2016), myosin VI (Tumbarello et al., 2012), BRUCE (Baculovirus IAP repeat-

containing ubiquitin-conjugating enzyme) (Nguyen et al., 2016), and 

phosphoinositides like PI4P (phosphatidylinositol-4-phosphate) (Wang et al., 2015). In 

the final steps, the inner membrane of the autophagosome and the engulfed cytoplasm 

derived materials are degraded inside the autolysosome by the lysosomal acid 

hydrolases, which include proteases, such as cathepsins (Figure 1.1). The breakdown 

products are then recycled and serve as inputs for bioenergetics and anabolic 

pathways (Lahiri et al., 2019). 

1.3. Signaling pathways regulating autophagy 

Diverse signaling pathways regulate autophagy, but the most characterised one is 

nutrient signaling. Nutrient deprivation (starvation) induces autophagy by inhibiting the 

mechanistic target of rapamycin (mTOR), which is a serine/threonine-protein kinase 

that otherwise suppresses autophagy under nutrient sufficiency (Meijer et al., 2014) 

(Figure 1.2). mTOR forms two distinct protein complexes, which are mTOR complex 

1 (mTORC1) and mTOR complex 2 (mTORC2) (Saxton and Sabatini, 2017), but only 

mTORC1 directly regulates autophagy by phosphorylating the ULK1 complex and 

suppressing the ULK1 kinase activity that is required to initiate autophagy (Zachari 

and Ganley, 2017). Besides ULK1 phosphorylation, mTORC1 can also indirectly 

inhibit autophagy by phosphorylating AMBRA1 (activating molecule in Beclin 1- 
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Figure 1.2. Regulation of autophagy by mTOR-dependent and mTOR-
independent signaling pathways that are amenable to chemical perturbations. 

Autophagy is classically regulated by the mechanistic target of rapamycin (mTOR) 
pathway, in which the downstream mediators are the ULK1 and PI3KC3-C1 
complexes. AMPK can also directly influence ULK1 to govern autophagy. In addition, 
autophagy is regulated by mTOR-independent pathways involving IP3, cAMP, Ca2+ 
and calpain. Various pharmacological inducers of autophagy acting on specific targets 
in these pathways are shown.  

Figure reference: Seranova E. et al. Journal of Molecular Biology 432(8): 2754-2798 
(2020). 
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regulated autophagy protein 1), which, in turn, could reduce ULK1 stability and its 

kinase activity (Nazio et al., 2013). Additionally, mTORC1 can prevent autophagy 

byphosphorylation-dependent cytoplasmic sequestration of TFEB (transcription factor 

EB), a master transcriptional regulator of genes involved in lysosomal biogenesis and 

autophagy (Settembre et al., 2011) (Figure 1.2). Particularly for the autophagy 

process, TFEB regulates the expression of genes required for autophagy initiation 

(BECN1, ATG9B, WIPI1), phagophore elongation (GABARAP, MAP1LC3B, ATG5), 

autophagosome maturation (UVRAG, RAB7) and cargo recognition (SQSTM1) (Di 

Malta, Cinque and Settembre, 2019). Likewise, another serine/threonine protein 

kinase, Akt, can phosphorylate TFEB independently of mTORC1 and prevent its 

nuclear translocation (Palmieri et al., 2017). Inhibition of mTORC1 or Akt activity 

promotes autophagy via nuclear localisation of TFEB to enable the transcription of the 

target genes (Palmieri et al., 2017; Settembre et al., 2012). Nuclear translocation of 

TFEB can also occur via its dephosphorylation by the phosphatase calcineurin, which 

is activated during the release of lysosomal Ca2+ through the Ca2+ channel mucolipin 

1 (MCOLN1) (Medina et al., 2015). Another key regulator of autophagy is AMPK (AMP-

activated protein kinase), which is activated during energy-deprived conditions (Meley 

et al., 2006). Activated AMPK can indirectly stimulate autophagy by suppressing 

mTORC1 activity via phosphorylation of RAPTOR (regulatory-associated protein of 

mTOR) and TSC2 (tuberous sclerosis complex 2) (Gwinn et al., 2008; Inoki et al., 

2003). However, AMPK can directly induce autophagy independently of mTORC1 via 

binding to and phosphorylating ULK1 (Kim et al., 2011; Egan et al., 2010) (Figure 1.2). 

Furthermore, AMPK can phosphorylate Beclin 1 in PI3KC3eC1 that can be augmented 

by ATG14 to induce autophagy (Kim et al., 2013). 

Apart from the regulation of autophagy by mTORC1 and AMPK, a number of 

mTORC1- independent autophagy pathways have also been described (Sarkar, 2013) 

(Figure 1.2). Most of these pathways involve second messenger molecules that 

negatively influence autophagy when their intracellular levels rise. These include IP3 

(inositol 1,4,5-trisphosphate) (Sarkar et al., 2005), Ca2+ (Williams et al., 2008; 

Ganleyet al., 2011), cAMP (3’,5’-cyclic adenosine monophosphate) (Williams et al., 

2008), and NO (nitric oxide) (Sarkar et al., 2011). While high levels of IP3, cAMP, and 

NO suppress autophagosome biogenesis, Ca2+ has complex effects on autophagy 

that are not fully understood. For example, increased cytosolic Ca2+ via influx from 
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extracellular space through L-type Ca2+ channels inhibits autophagosome formation 

by activating the calpains (Ca2+-dependent cysteine proteases), whereas efflux of 

stored ER Ca2+ via IP3 receptors (IP3R) blocks autophagosome maturation (Williams 

et al., 2008, Ganley et al., 2011). Some of these pathways are interconnected and 

form a cyclic loop, wherein high cAMP levels could increase IP3 production via the 

cAMP sensor EPAC (exchange protein directly activated by cAMP), the small G-

protein RAP2B and PLCɛ (phospholipase Cɛ), and subsequently IP3 influences ER 

Ca2+ release through the IP3R to elevate cytosolic Ca2+ (which also increases via L-

type Ca2+ channels) that activates the calpains; which, in turn, could increase cAMP 

levels by cleaving and activating Gsα proteins (Williams et al., 2008). Both mTORC1 

and mTORC1-independent pathways can be targeted by small molecules for 

modulating autophagy. 

1.4. Chemical modulators of autophagy  

Chemical modulation of autophagy can be achieved via directly inhibiting mTORC1 or 

by targeting the mTORC1-independent pathways (Sarkar, 2013; Rubinsztein at al., 

2012) (Figure 1.2). Some of the mTOR inhibitors inducing autophagy include 

rapamycin (Blommaart et al., 1995) and its analogs (rapalogs) temsirolimus (CCI-779) 

(Ravikumar et al., 2004) and everolimus (RAD-001) (Kim et al., 2006), and Torin 1 

(Thoreen et al., 2009). There are a number of mTOR-independent autophagy inducers 

acting via distinct mechanisms, which include lithium, carbamazepine, and valproic 

acid (Sarkar et al., 2005) (lowering intracellular inositol and IP3 levels), trehalose 

(Sarkar et al., 2006; DeBosch et al., 2016) and metformin (Buzzai et al., 2007) (AMPK 

activation), verapamil (Williams et al., 2008), and felodipine (Siddiqi et al., 2019) 

(reduction in cytosolic Ca2+ levels), rilmenidine (Williams et al., 2008), (decrease in 

cAMP levels), L-NAME (Sarkar et al., 2011) (inhibition of NO production), and 

SMER28 (Sarkar et al., 2007) (mechanism not clear), amongst many others. 

Additional means of inducing autophagy include the natural compounds or nutritional 

supplements, such as resveratrol (Morselli et al., 2010; Park et al., 2016) (activation 

of sirtuin 1 and inhibition of mTOR), spermidine (Madeo et al., 2010) (increase in ATG 

gene expression), and vitamin D3 (Wang et al., 2008; Yuk et al., 2009) (increase in 

Beclin 1 and ATG gene expression), or via the autophagy-inducing peptide Tat-Beclin 

1 (Shoji-Kawata et al., 2013), or via BH3 mimetics like ABT737 (Malik et al., 2011) 
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(disruption of Beclin 1–Bcl-2 interaction). The pharmacological modulation of 

autophagy has attracted significant biomedical interests for the treatment of myriad 

human diseases, including neurodegenerative disorders (Levine et al., 2015). For 

clinical applications, mTOR-independent autophagy inducers are considered to be 

safer with lesser side effects as compared to the mTOR inhibitors (Sarkar, 2013; 

Rubinsztein et al., 2012). This is because mTOR governs critical cellular processes 

like cell growth and protein synthesis (Saxton and Sabatini, 2017), and thus, inhibiting 

mTOR for inducing autophagy may not be ideal for long-term drug administration. 

1.5. Methods for monitoring autophagy 

To monitor autophagy, several methods have been developed that have evolved over 

time (Seranova et al., 2019; Panda et al., 2019). The commonly used methods for 

chemical and genetic screening approaches are based on the autophagy marker such 

as LC3, and the autophagy substrates like p62 (Figure 1.3). Some of these methods 

are described below. 

1.5.1. Monitoring autophagy using LC3 based reporters 

LC3 is the most commonly used autophagy marker (Klionsky et al., 2016; Yoshii and 

Mizushima, 2017). The phosphatidylethanolamine-conjugated LC3-II form associates 

specifically with the membrane of autophagosomes throughout their lifespan (Kabeya 

et al., 2000; Kabeya et al., 2004) (Figure 1.3). GFP-tagged LC3 (GFP-LC3) reporter is 

the most straightforward assay platform to determine perturbations in autophagic 

compartments by assessing GFP+ puncta by fluorescence microscopy (Kabeya et al., 

2000). Using this reporter, an autophagy inhibitor (which inhibits autophagosome 

formation) will decrease GFP+ puncta, whereas both autophagy inducer (which 

induces autophagosome formation and subsequently autolysosome formation) and 

autophagy blocker (which prevents autophagosome maturation) will increase GFP+ 

puncta (Figure 1.4a). However, this method will not allow distinguishing between an 

autophagy inducer and an autophagy blocker, because both the scenarios will 

increase autophagosome numbers and consequently the GFP+ puncta. Nonetheless, 

GFP-LC3 reporter has been predominantly used in primary genetic or chemical 

screens because its readout is easy to measure, and the screen hits can be then 

subjected to secondary autophagy assays for further characterisation (Seranova et al., 

2019). 
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Figure 1.3. Autophagy reporter and substrate based assay platforms and the 
impact of autophagy modulators at different stages of the autophagy process. 

Autophagy is regulated by the mechanistic target of rapamycin complex 1 (mTORC1) 
or mTORC1-independent pathways. This process initiates by the formation of 
phagophores that expand and engulf autophagy substrates to form autophagosomes, 
which then fuse with the lysosomes to form autolysosomes where the autophagic 
cargo is degraded. Autophagy inducers and inhibitors increase or decrease 
autophagosome formation, respectively, at the early stages of autophagy, whereas 
autophagy blockers prevent lysosomal degradation and/or autophagosome 
maturation at late stages of autophagy. Autophagic flux is thus enhanced by 
autophagy inducers but is retarded by autophagy inhibitors and blockers. Chemical 
screening methods for identifying autophagy modulators are commonly based on the 
readouts of perturbations in autophagy reporters such as LC3-II, or autophagy 
substrate clearance such as aggregation-prone proteins or p62/SQSTM1. 

Figure reference: Panda P.K. et al. with Seranova E. Frontiers in Cell and 
Developmental Biology 7: 38 (2019). 
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Figure 1.4. LC3 reporter-based in vitro screening platforms. Fluorescent-tagged 
LC3 reporters as indicated can be utilised as a screening platform to assess the effects 
of autophagy modulators on the perturbations in autophagosome number (using GFP-
LC3 and mRFP-GFP-LC3) (a), autophagosome maturation (using mRFP-GFP-LC3) 
(b), or autophagosome/autophagic flux (using GFP-LC3-RFP-LC3ΔG) (c). Possible 
high throughput screening applications are indicated for each of the reporters. For 
GFP-LC3 reporter (a), an autophagy inducer will increase GFP+ vesicles (by 
stimulating autophagosome formation), and an autophagy blocker will also increase 
GFP+ vesicles (by preventing autophagosome maturation or lysosomal hydrolytic 
function), whereas an autophagy inhibitor will decrease GFP+ vesicles (by inhibiting 
autophagosome formation). For mRFP-GFP-LC3 reporter (b) (where mRFP+/GFP+ 
vesicles are autophagosomes and mRFP+/GFP– vesicles are autolysosomes), an 
autophagy inducer will increase mRFP+/GFP+ and mRFP+/GFP– vesicles, and an 
autophagy blocker will increase mRFP+/GFP+ but decrease mRFP+/GFP– vesicles, 
whereas an autophagy inhibitor will decrease mRFP+/GFP+ and mRFP+/GFP– 
vesicles. For GFP-LC3-RFP-LC3ΔG reporter (c) (where GFP-LC3 undergoes 
degradation or recycling but RFP-LC3 remains in the cytosol as an internal control), 
an autophagy inducer will decrease GFP/RFP ratio (by enhancing autophagic flux), 
whereas an autophagy blocker or inhibitor will increase GFP/RFP ratio (by retarding 
autophagic flux).  

Figure reference: Seranova E. et al. Methods in Molecular Biology 1880: 389-428 
(2019). 
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A more specific readout for determining changes in autophagosome formation versus 

maturation is the tandem fluorescent tagged LC3 (mRFP-GFP-LC3) reporter. This 

reporter is pH-sensitive and can quantify the number of autophagosomes and 

autolysosomes by fluorescence microscopy: the autophagosomes emit both mRFP+ 

and GFP+ signals (mRFP+/GFP+), whereas the acidic autolysosomes emit only the 

acid-stable mRFP+ signal (mRFP+/GFP–) because the GFP signal is acid-sensitive 

and gets quenched (Kimura, Noda and Yoshimori, 2007). Using this reporter, an 

autophagy inhibitor will decrease both autophagosomes and autolysosomes; an 

autophagy inducer will increase autolysosomes but may or may not increase 

autophagosomes depending on the speed of autophagosome flux at the time point 

assessed; whereas an autophagy blocker will increase autophagosomes but decrease 

autolysosomes (Kimura et al., 2007; Sarkar et al., 2009) (Figure 1.4b). Image-based 

chemical screens have also been undertaken in mammalian cells by employing the 

mRFP-GFP-LC3 reporter (Kuo et al., 2015; Chauhan et al., 2015; Pampaloni et al., 

2017). Both the LC3-based reporters described above can be assessed manually by 

fluorescence microscopy and analysis software, as well as by automated high-

throughput analysis. There are several variations of the tandem fluorescent-tagged 

LC3 reporter. For example, in the mRFP-GFP-LC3 construct, mRFP could be replaced 

by mCherry owing to its superior photostability over mRFP (Pankiv et al., 2007; 

N'Diaye et al., 2009; Shaner et al., 2005) Likewise, GFP can be substituted by 

mWasabi, which is a monomeric green fluorescent protein that is more acid sensitive 

than GFP, and, therefore, might provide more accurate measurement of 

autophagosome flux by precisely distinguishing autophagosome and autolysosome 

compartments (Zhou et al., 2012). 

Although the GFP-LC3 and the mRFP-GFP-LC3 reporters can be used for low-, 

medium-, or high-throughput screens, the readouts can only be quantified by 

fluorescence image-based analysis. Recently, a new autophagic flux probe, GFP-LC3-

RFP-LC3ΔG, has been designed that can have versatile high-throughput applications 

where the readouts can be quantified by various methodologies (Kaizuka et al., 2016). 

This construct has GFP-LC3 and RFP-LC3ΔG fused in tandem that can be cleaved 

by endogenous ATG4 family proteases into equimolar amounts. During autophagy, 

GFP-LC3 on the inner or outer autophagosomal membrane undergoes degradation or 

recycling, respectively, after fusion with the lysosomes. However, RFP-LC3ΔG has a  
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deletion in the C-terminal glycine and cannot be lipidated; therefore, it remains in the 

cytosol and serves as an internal control (Kaizuka et al., 2016). Thus, the readout of 

GFP/RFP ratio inversely correlates with the extent of autophagic flux. Using this 

reporter, an autophagy inhibitor or blocker will reduce autophagic flux and increase 

the GFP/RFP ratio, whereas an autophagy inducer will increase autophagic flux and 

reduce the GFP/RFP ratio (Figure 1.4c). These perturbations can be quantified by 

microplate reader, flow cytometry or ratiometric imaging with fluorescence microscopy. 

1.5.2. Monitoring autophagy by substrate clearance  

As an alternative to the LC3-based reporters, assay platforms pertaining to autophagic 

substrate degradation can also be used to monitor autophagy. In these methods, the 

clearance of specific autophagy substrate p62/SQSTM1 or neurodegeneration-

associated aggregation-prone proteins, such as mutant huntingtin or α-synuclein, is 

measured as a readout (Sarkar et al., 2009; Ravikumar et al., 2008; Seranova et al., 

2019; Panda et al., 2019). This assay depicts autophagic substrate flux and is 

informative of the overall autophagic flux. In p62-based assays, the levels of p62 

inversely correlate with the extent of autophagic flux; for example, high flux reduces 

p62 whereas low flux accumulates p62. Chemical and genetic screens have been 

undertaken in mammalian cells using the p62/SQSTM1-based reporter platforms 

(Pietrocola et al., 2014; Hale et al., 2016; DeJesus et al., 2016; Strohecker et al., 2015; 

Tsuganezawa et al., 2013). However, it is possible that certain known autophagy 

modulators can influence the mRNA levels of p62 by affecting transcription (thereby 

complicating the readout at the protein level), and this effect can depend on the dose, 

time-point and the cell-type used (Klionsky et al., 2016). This could potentially 

complicate the autophagy analysis when p62 protein levels are measured as a 

readout. Therefore, it is important to assess the autophagy-specific degradation of p62 

in the cell-type to be used, as well as characterising the positive and negative controls 

of the assay (with known autophagy inducers and inhibitors/blockers, respectively) that 

only affect p62 levels by regulating its autophagic degradation. The inducible p62 

reporter constructs that have been established constitute attractive screening 

platforms for assessing autophagy modulators via flow cytometry, microplate reader 

or immunoblotting. These include the inducible GFP-p62 and p62-fLuc (Firefly 

luciferase) constructs (Larsen et al., 2010; Brown et al., 2016), and can overcome the 

issue related to readout complications at the protein level.  
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1.6. Autophagy receptors for mediating selective autophagy 

The autophagic response to starvation is the bulk degradation of cytosolic materials 

that occurs in a nonselective manner. However, other types of cellular stresses, such 

as damaged organelles, aggregated proteins, or pathogens, require their selective 

sequestration into the autophagosomes for degradation. Based on the remarkable 

substrate specificity, selective autophagy is classified into aggrephagy (clearance of 

protein aggregates), mitophagy (clearance of mitochondria), pexophagy (clearance of 

peroxisomes), ribophagy (clearance of ribosomes), nucleophagy (clearance of nuclear 

envelope), reticulophagy (clearance of ER), lysophagy (clearance of lysosomes), 

xenophagy (clearance of pathogens), lipophagy (clearance of lipid droplets), and 

glycophagy (clearance of glycogen) (Gatica et al., 2018; Stolz et al., 2014). Selectivity 

in autophagy is conferred by the cargo receptor proteins, which tether the ubiquitinated 

cargo to the phagophore (Figure 1.1). All cargo receptors share common domains: the 

ubiquitin-binding domain (UBD) through which they bind the specific cargo (Kirkin et 

al., 2009), and the LC3-interaction region (LIR) motif via which the interaction with the 

expanding phagophore occurs (Johansen and Lamark, 2020). In mammalian cells, 

several cargo receptor proteins are recognised, which include p62 (sequestosome-1 

or SQSTM1) (Pankiv et al., 2007), OPTN (optineurin) (Korac et al., 2012), NDP52 

(nuclear dot protein of 52 kDa) (Thurston et al., 2009), TAX1BP1 (tax1 binding protein 

1) (Tumbarello et al., 2015), NBR1 (neighbor of BRCA1 gene 1) (Kirkin et al., 2009), 

and TOLLIP (Toll Interacting protein) (Lu et al., 2014). These receptors could be 

recruited to different cargos in varying proportions and/or may also cooperate in 

substrate selection. For instance, p62/SQSTM1, NBR1, optineurin, and TOLLIP play 

a role in executing aggrephagy (Gatica et al., 2018).  

Several studies have revealed an intrinsic connection between autophagy receptors 

and neurodegenerative diseases. Some of these findings reported that mutations in 

SQSTM1 could modify the genetic susceptibility to Alzheimer’s disease (Cuyvers et 

al., 2015), frontotemporal dementia (van der Zee et al., 2014), and amyotrophic lateral 

sclerosis (Teyssou et al., 2013). Apart from ubiquitin-dependent selective autophagy, 

there is an arsenal of receptor proteins, which perform the process independent of 

ubiquitination (Khaminets et al., 2016). The most remarkable example is NIX, also 

known as BNIP3L1 (Bcl-2-interacting protein 3 like), which is a selective autophagy 

cargo receptor for mitophagy in reticulocytes during the final stage of erythroid 
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maturation (Sandoval et al., 2008). Others include FUNDC1 (FUN14 domain 

containing 1) (Liu et al., 2012), SMURF1 (SMAD-specific E3 ubiquitin-protein ligase 1) 

(Franco et al., 2017), TRIM5a (tripartite motif-containing protein 5a) (Mandell et al., 

2014) and STBD1 (starch-binding domain-containing protein 1) (Jiang et al., 2011). 

Besides the cargo receptors, there are several key players like ALFY (autophagy-

linked FYVE protein, also known as WDFY3), which does not harbor the UBD domain 

but acts as a scaffold by getting associated with the ubiquitinated protein aggregates 

and autophagosomal markers to facilitate aggrephagy (Filimonenko et al., 2010).  

A role of selective autophagy is emerging in infectious diseases wherein the 

pathogens could affect both the house-keeping (homeostatic arm) and pathogen 

degradation (xenophagy arm) functions of the autophagy in the host cells (Sharma et 

al., 2018). For instance, when the DNA of Mycobacterium tuberculosis (Mtb; 

associated with tuberculosis) is released into the cytosol of the host cell, the foreign 

DNA is recognised by the STING (Stimulator of IFN genes)-dependent cytosolic 

sensing pathway that contributes to the ubiquitination of bacteria. This enables the 

subsequent delivery of the bacteria via the selective autophagic receptors p62 and 

NDP52 for autophagic degradation; a process termed xenophagy (Watson et al., 

2015). However, the non-conventional ESAT6-secretion system (ESX1) of Mtb is 

known to play a role in mycobacterial virulence, in which the ESX1 machinery and its 

effectors like ESAT-6 selectively block xenophagy by disrupting pathogen-containing 

autophagosome maturation while keeping the overall autophagic flux intact in the host 

cell. This ensures not only the survival of the host cells but also the intracellular 

proliferation of Mtb (Chandra et al., 2015).  

1.7. Role of autophagy in tissue and energy homeostasis 

Multiple genetic studies in mouse models have demonstrated that autophagy plays a 

vital role in maintaining tissue and energy homeostasis (Mariño et al., 2011). A role of 

autophagy in energy homeostasis is elegantly shown in a study with autophagy-

deficient mouse model, wherein the pups were unable to survive past the first day 

post-partum without food. This is because during this period, autophagy in tissues is 

upregulated and serves as a nutrient provider (Kuma et al., 2004). Likewise, a role of 

autophagy in tissue homeostasis is shown in mice with tissue specific autophagy 

knockout in the brain, which led to neurodegenerative phenotype with accumulation 
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of cytosolic inclusions, ubiquitinated protein aggregates, motor deficits, behavioral 

deficits and neuronal loss (Hara et al., 2006; Komatsu et al., 2006). Moreover, targeted 

abrogation of autophagy in the muscle and liver of normal mice also caused 

degeneration of the affected organs (Masiero et al., 2009; Komatsu et al., 2010). 

Furthermore, in multiple genetic models of autophagy deficiency including mice with 

knockout of Atg5, Atg7, Ambra1 and Atg6/Beclin-1, increase in protein aggregates and 

apoptosis along with abnormal development and premature death have been 

documented (Mariño et al., 2007, Kuma et al., 2004, Hara et al., 2006, Nakai et al., 

2007, Pua et al., 2006, Qu et al., 2007, Qu et al., 2003, Komatsu et al., 2005, Komatsu 

et al., 2006, Takahashi et al., 2007, Maria Fimia et al., 2007, Komatsu et al., 2005). 

Apart from the knockout of genes responsible for autophagy initiation contributing to 

this abnormal phenotype, the ablation of genes responsible for the lysosomal function 

also showed similar results. Mice deficient of Lamp2, Cn3, and CtsB, CtsD and 

CtsL also presented a neurodegenerative phenotype and increased cell death 

(Tanaka et al., 2000; Cao et al., 2006; Koike et al., 2005; Shacka et al., 2007; Felbor 

et al., 2002; Koike et al., 2005).  

Overall, this robust genetic evidence points towards the fact that autophagy 

impairment potentially contributes to cytotoxicity; although the exact mechanism is 

poorly elucidated. One possible explanation might be the accumulation of autophagic 

substrates such as aggregate proteins or defective organelles. There has been 

evidence towards accumulation of reactive oxygen species (ROS) when damaged 

mitochondria are not recycled, which leads to cytotoxicity (Jin, 2006). Moreover, since 

autophagy is a catabolic process that contributes to the digestion and recycling of 

cytoplasmic components during starvation, its dysfunction might also result in 

impairments related to cellular metabolism (Lahiri et al., 2019). As such, autophagy is 

playing a crucial role in maintaining cellular bioenergetics (Lum et al., 2005), and thus, 

insufficient autophagy could affect cellular metabolism and energy homeostasis.  

1.8. Role of autophagy in human diseases 

Autophagy has been proven to be an indispensable mechanism involved in cellular 

survival and tissue homeostasis. This process contributes to the clearance of 

damaged organelles, aggregation-prone proteins and pathogens, amongst other 

autophagic cargo. However, malfunction of this process causes accumulation of 
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undesirable intracellular materials, and this perturbs cellular homeostasis and leads to 

cytotoxicity. Dysfunctional autophagy has been reported in a myriad of human 

diseases such as neurodegenerative disorders, cancer, myopathies, liver diseases, 

infectious and inflammatory diseases, and lysosomal and lipid storage disorders, to 

name a few (Figure 1.5) (Mizushima et al., 2008). Some of these diseases fall under 

the category of macromolecule storage disorders due to accumulation of proteins, 

carbohydrates and lipids, which could occur because of impairment in autophagy since 

this process is one of the primary clearance routes of these macromolecules (Palhegyi 

et al., 2019). Therefore, the therapeutic exploitation of autophagy and development of 

pharmacological inducers of autophagy are of great biomedical relevance. Particularly 

in the context of this thesis, the role of autophagy in neurodegenerative disorders and 

infectious diseases is described below. 

1.8.1. Role of autophagy in neurodegenerative disorders 

Multiple lines of evidence over the past decade have demonstrated that defective 

autophagy is a major contributing factor to the pathology of neurodegenerative 

disorders (Menzies et al., 2017; Nixon, 2013). Autophagy is crucial for ensuring cellular 

homeostasis in post-mitotic neurons (Stavoe and Holzbaur, 2019), and improper 

functioning of this process leads to neurodegeneration. This is evident from genetic 

studies in mice where brain-specific deletion of essential autophagy genes, such Atg5 

or Atg7 to abrogate autophagy, resulted in a neurodegenerative phenotype (Hara et 

al., 2006; Komatsu et al., 2006). Indeed, autophagy dysfunction has been reported in 

almost all the neurodegenerative disorders investigated, such as, but not limited to, 

Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD) and 

amyotrophic lateral sclerosis (ALS) (Menzies et al., 2017, Sarkar, 2013, Seranova et 

al., 2020), as well as in certain neurodegenerative lysosomal storage disorders such 

as neuronal ceroid lipofuscinosis (NCL), Gaucher disease (GD) and Niemann-Pick 

type C1 (NPC1) disease (Seranova et al., 2017; Seranova et al., 2020). Since the 

selective autophagy process of aggrephagy is the main disposal route for a number of 

aggregation-prone proteins associated with neurodegeneration, impairment of 

autophagy in these contexts causes accumulation of these toxic species that affect 

neuronal viability (Rubinsztein, 2006; Nixon, 2013). 
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Figure 1.5. The impact of malfunctioning autophagy and the therapeutic benefits 
of autophagy modulators in diverse human diseases.  

Autophagy is implicated in diverse human diseases due to its vital role in maintaining 
cellular homeostasis. Defective or aberrant autophagy contributes to the cytotoxicity 
underlying many pathological conditions whereas pharmacological upregulation of 
autophagy is beneficial in various transgenic models. Key autophagy modulators 
exerting therapeutic benefits in neurodegenerative disorders, cancer, infectious 
diseases, liver diseases, myopathies and lifespan extension, as well as the impact of 
malfunctioning autophagy in these contexts, are highlighted.  

Figure reference: Panda P.K. et al including Seranova E. Frontiers in Cell and 
Developmental Biology 7: 38 (2019). 
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Autophagy has attracted significant attention for patient-derived hiPSC (human 

induced pluripotent stem cell)-based studies of neurodegenerative disorders. Since 

impairment of this vital homeostatic process contributes to neurodegeneration, 

defective autophagy is being utilised in recent years as a phenotypic readout in hiPSC-

derived neurons (Jiménez-Moreno et al., 2017; Jungverdorben et al., 2017). This 

provides an appropriate disease-affected human cellular platform for investigating the 

mechanisms of autophagy dysfunction and the drug discovery of autophagy 

modulators for clinical translation to patients. Dysfunctional autophagy has been 

reported in several hiPSC models of neurodegenerative diseases; however, the nature 

of the autophagic defects is sometimes different between non-hiPSC (such as 

immortalised cell lines and mouse models) and hiPSC-based experimental systems 

(Figure 1.6) (reviewed extensively in Seranova et al., 2020). The use of patient-derived 

hiPSC models to generate disease-affected cell-types, such as neurons, may provide 

insights into the disease mechanisms in a manner relevant to human biology. These 

cellular platforms are also particularly important to evaluate the therapeutic potential 

of autophagy inducers that could be applicable to the patients. 

Protein aggregates caused by aggregation-prone proteins such as mutant hungtingtin 

associated with Huntington’s disease or tau in Alzheimer’s disease are hallmarks of 

neurodegeneration, and levels of these proteins correlate with neurotoxicity (Krainc, 

2010). Of biomedical relevance, chemical or genetic induction of autophagy could 

enhance the clearance of neurodegeneration-associated mutant proteins and 

ameliorate the disease phenotypes in transgenic animal models of various 

neurodegenerative disorders (Menzies et al., 2017; Sarkar, 2013; Rubinsztein et al., 

2012; Levine et al., 2015; Sarkar et al., 2008). Several mTOR inhibitors have 

demonstrated their beneficial effects in neurodegenerative models in vivo. These 

include rapamycin and its analogs CCI-779 in fly and mouse models of AD, PD, HD, 

spinocerebellar ataxia type 3 (SCA3), prion disease and frontotemporal dementia 

(FTD) (Ravikumar et al., 2004; Berger et al., 2005; Sarkar et al., 2007; Menzies et al., 

2009; Spilman et al., 2010; Cortes et al., 2012; Wang et al., 2012; Ozcelik et al., 2013; 

Jiang et al., 2014). Furthermore, mTOR-independent autophagy inducers including 

carbamazepine and lithium (inositol lowering agents), rilmenidine (cAMP reducing 

agent), trehalose (AMPK activator), SMER28 and BRD5631 (mechanisms not known) 

have demonstrated their neuroprotective properties in a plethora of in vivo models 
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such as mouse, zebrafish and Drosophila, but also in in vitro hiPSC models of AD, 

HD, FTD, ALS and NPC1 disease (Sarkar et al., 2005; Sarkar et al., 2006; Sarkar et 

al., 2007; Fornai et al., 2008; Williams et al., 2008; Rose et al., 2010; Zhang et al., 

2011; Zhang et al., 2018; Shimada et al., 2012; Wang et al., 2012; Li et al., 2013; 

Maetzel, Sarkar et al., 2014; Kuo et al., 2015). These observations have led to the 

potential therapeutic possibilities for autophagy modulation in the contexts of several 

neurodegenerative and certain lysosomal storage disorders. However, it is worth 

noting that the therapeutic benefits of autophagy induction predominantly relies on the 

lysosomal degradative capability being functional. The role of autophagy in Niemann-

Pick type C1 (NPC1) disease is described below in further details, because NPC1 

hiPSC models were used in this study. 

1.8.1.1. Role of autophagy in Niemann-Pick type C disease 

Niemann-Pick type C (NPC) disease is a rare, autosomal recessive LSD characterised 

by neurodegeneration and hepatosplenomegaly (Vanier, 2013), and is associated with 

mutations predominantly in the NPC1 gene (~95%) causing NPC1 disease (Loftus, 

1997) or in the NPC2 gene (~5%) causing NPC2 disease (Naureckiene, 2000, 

Patterson et al., 2012, Vanier, 2010). These genes encode NPC1 and NPC2 proteins, 

which respectively are lysosomal cholesterol transporter and lysosomal glycoprotein 

that play a role in the transport of cholesterol from late endosomes and lysosomes 

(Pallottini and Pfrieger, 2020). Mutations in these genes lead to abnormal 

accumulation of unesterified cholesterol and other lipids like sphingolipids in the brain, 

liver and spleen (Karten, Peake and Vance, 2009; Kwon et al., 2009). As in other LSDs 

(Seranova et al., 2017), autophagic flux is retarded due to defective autophagosome 

maturation as shown in mutant mouse and human cellular models of NPC1 and NPC2 

disease (Figure 1.6), which are also associated with defective mitophagy and 

mitochondrial function (Sarkar et al., 2013; Lee et al., 2014; Guo et al., 2016; Ordonez 

et al., 2012). Multiple mechanisms shown for dysregulated autophagy in NPC1 

disease include: disruption of SNARE complex formation between autophagosomes 

and late endosomal/lysosomal compartments involving Syntaxin-17 and VAMP8 to 

prevent autophagosome maturation (Sarkar et al., 2013); accumulation of sphingosine 

arising from diminished activity of sphingosine kinase and decreased levels of vascular 

endothelial growth factor (VEGF) to prevent autophagosome–lysosome fusion (Lee et 

al., 2014); and reduction in lysosomal Ca2+ stores (Lloyd-Evans et al., 2008). Despite  
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Figure 1.6. Impairment of autophagy in neurodegenerative disorders.  

Impairment of autophagy at distinct stages of the process, such as at the level of 
autophagosome formation, cargo recognition, or autophagosome maturation, has 
been described in multiple neurodegenerative diseases. The impact on autophagy due 
to mutations or loss of disease associated proteins in non-hiPSC and hiPSC models 
is indicated (by red arrows). In addition, the point mutants of a synuclein and LRRK2 
associated with PD also impair chaperone-mediated autophagy (not shown). 
Abbreviations: AD: Alzheimer’s disease; ALS: Amyotrophic lateral sclerosis; APP: 
Amyloid-b precursor protein; AR: androgen receptor; ATP12A2: ATPase Cation 
Transporting 13A2; C9orf72: Chromosome 9 Open Reading Frame 72; CHMP2B: 
charged multivesicular body protein 2B; CMT: Charcot-Marie-Tooth disease; FTD: 
Frontotemporal dementia; FUS: Fused in sarcoma; GD: Gaucher disease; GCase: 
Glucocerebrosidase; HD: Huntington’s disease; HTT: Huntingtin; LRRK2: Leucine-rich 
repeat kinase 2; MFN2: Mitofusin 2; NPC1: Niemann-Pick type C1; NPC2: Niemann-
Pick type C2; PINK1: PTEN-induced kinase 1; PD: Parkinson’s disease; SBMA: Spinal 
bulbar muscular atrophy; SCA3: Spinocerebellar ataxia 3; SQSTM1: Sequestosome 
1; SOD1: superoxide dismutase 1; SYT11: Synaptotagmin 11; TBK1: TANK-binding 
kinase 1; TDP-43: TAR DNA-binding protein 43.  

Figure reference: Seranova E. et al. Journal of Molecular Biology 432(8): 2754-2798 
(2020). 
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a block in the multi-step route of autophagosome maturation, autophagy inducers 

improved autophagic flux in Npc1 mutant mouse cells by facilitating direct 

autophagosome–lysosome fusion (bypass mechanism), which consequently also 

increased cell survival but did not reduce the cholesterol load (Sarkar et al., 2013). 

As in non-hiPSC models, defective autophagic flux due to impaired autophagosome 

maturation, characterised by accumulation of autophagosomes and autophagy 

substrates like p62, was found in neurons and hepatic cells differentiated from multiple 

NPC1 hiPSC lines that also exhibited elevation in cholesterol (Lee et al., 2014; 

Maetzel, Sarkar et al., 2014; Dai et al., 2017). Genetic correction of a disease-causing 

NPC1(I1061T) mutation rescued the cellular phenotypes of defective autophagy and 

cholesterol accumulation in these NPC1 hiPSC-derived cells (Maetzel, Sarkar et al., 

2014). Autophagic block associated with impaired mitophagy and mitochondrial 

fragmentation was also found in neurons derived from hESCs with shRNA-mediated 

NPC1 knockdown (Ordonez et al., 2012). Of therapeutic relevance, stimulating 

autophagy with rapamycin and various mTOR-independent autophagy inducers, such 

as carbamazepine, trehalose, verapamil and BRD5631, restored autophagic flux and 

improved cell viability in NPC1 hiPSC-derived neurons; however, only rapamycin and 

carbamazepine were effective in NPC1 hiPSC-derived hepatic cells (Maetzel, Sarkar 

et al., 2014; Kuo et al., 2015). The autophagy inducers were cytoprotective on their 

own without co-treatment of any cholesterol-lowering agents. In addition, recombinant 

VEGF treatment imparted similar beneficial effects in NPC1 neurons (Lee et al., 2014). 

Interestingly, while the cholesterol-lowering agent, 2-hydroxypropyl-β-cyclodextrin 

(HPβCD), further augmented the autophagic block that could be detrimental (Sarkar 

et al., 2013; Maetzel, Sarkar et al., 2014; Peake and Vance, 2012), the HPβCD analog 

called methyl-β-cyclodextrin (MβCD) improved the defective autophagic flux in NPC1 

hiPSC-derived neurons (Dai et al., 2017). 

In a nutshell, a block in autophagic flux due to impaired autophagosome maturation is 

a consistent phenotype across various NPC1 disease models including iPSC-derived 

neurons where autophagy inducers rescued the autophagy defect and improved 

neuronal survival. However, further studies in Npc1 mutant mice are necessary to 

examine the in vivo efficacy of autophagy induction and a combination treatment 

strategy with cholesterol depletion. 
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1.8.2. Role of autophagy in infectious diseases 

Besides the essential role of autophagy in cellular homeostasis linked to the clearance 

of aggregation-prone proteins and damaged mitochondria, autophagy also contributes 

to the innate defence mechanism by clearing intracellular pathogens. This selective 

removal of intracellular pathogens in host cells via autophagy is termed xenophagy 

(Sharma et al., 2018). The host immune cell-type that is primarily involved in this 

process is the macrophage. In many infectious diseases, macrophages are heavily 

involved in the first line of defence against invading pathogens. The first evidence of 

xenophagy was demonstrated through the studies involving Mycobacterium 

tuberculosis (Mtb), a bacterial pathogen causing tuberculosis (Gutierrez et al., 2004; 

Singh et al., 2006). Consequently, Mtb and other bacterial pathogens including 

Salmonella and Listeria, as well as virulent pathogens like HIV and Dengue, have been 

shown to manipulate autophagy to promote their own growth within the host organism 

(Jia et al., 2009; Kyei et al., 2009; Yoshikawa et al., 2009; Heaton and Randall, 2010). 

For instance, the manipulation of host cell autophagy by Mtb was important for Mtb 

survival in macrophages, as revealed by a genome-wide siRNA screen that aimed to 

identify the host factors necessary for Mtb survival (Kumar et al., 2010). However, 

recent studies have elucidated that Mtb selectively prevent xenophagy for their 

intracellular proliferation by disrupting the maturation of Mtb-containing 

autophagosomes while keeping the overall autophagic flux intact to ensure the survival 

of the host cells (Chandra et al., 2015). 

Multiple proof-of-principle studies have shown that induction of autophagy could 

enhance pathogen clearance to prevent their survival and reduce their intracellular 

load. For example, rapamycin reduced the viral and bacterial load both in vitro and in 

vivo (Gutierrez et al., 2004; Donia et al., 2010). Furthermore, mTOR-independent 

autophagy inducers like SMER28, vitamin D3 and carbamazepine prevented bacterial 

survival and HIV replication (Floto et al., 2007; Yuk et al., 2009; Kumar et al., 2010; 

Campbell and Spector, 2011; Campbell and Spector, 2012; Schiebler et al., 2014). 

Carbamazepine also demonstrated its ability to reduce bacterial burden, improve lung 

pathology and stimulate adaptive immunity in mice infected with multidrug-resistant 

Mtb (Schiebler et al., 2014). Other compounds such as nortriptyline, nitazoxanide, 

flubendazole, Vitamin D, AZD0530 and Tat-Beclin have been shown to reduce the 

intracellular load of Mtb, HIV and other pathogens through activation of autophagy 
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(Sundaramurthy et al., 2013; Lam et al., 2012; Chauhan et al., 2015; Campbell and 

Spector, 2012; Chandra et al., 2016; Shoji-Kawata et al., 2013). Interestingly, 

trehalose, which has been shown to be beneficial in transgenic models of 

neurodegenerative disorders (Sarkar et al., 2006; Sarkar, 2013), also demonstrated 

efficiency in the activation of autophagy in human immortalised Mtb-infected 

macrophages that resulted in Mtb killing (Sharma et al., 2020). This study also 

suggested that trehalose was effective in facilitating xenophagy during HIV and Mtb 

co-infection by removing the HIV-mediated block in autophagy flux that resulted in 

reduction of Mtb survival (Sharma et al., 2020).  

Despite the therapeutic potential of autophagy in infectious diseases including 

tuberculosis, this strategy has not been implemented in clinicals trials thus far; 

primarily due to lack of human-relevant data. As growing evidence points towards 

selective regulation of basal autophagy and xenophagy in host cells (Chandra et al., 

2015; Sharma et al., 2018), it is important to elucidate any cell-specific regulation of 

these mechanisms by utilising biologically-relevant human cell-types like 

macrophages. This will have the potential to accelerate drug discovery applicable to 

patients and optimise existing therapeutic approaches to bacterial and viral infections. 

Thus far, there are no studies utilising hESC- or hiPSC-derived macrophages for 

studying xenophagy. A number of differentiation protocols have been established to 

obtain hiPSC-derived macrophages (Wilgenburg et al., 2013; Lachmann et al., 2015; 

Muffat et al., 2016; Amos et al., 2017; Takata et al., 2017). Recent studies have 

demonstrated that hiPSC-derived macrophages could be used as an infectious 

disease model to study the interaction between host cells and pathogens (Hong et al., 

2018; Hale et al., 2015; Härtlova et al., 2018; Ye et al., 2014), and also serve as a 

drug discovery platform (Han et al., 2019). 

1.9. The importance of human pluripotent stem cells (hPSCs) in 

biological studies 

Human pluripotent stem cells (hPSCs) include human embryonic stem cells (hESCs), 

which are derived from an early human embryo, and human induced pluripotent stem 

cells (hiPSCs), which are the product of cellular reprogramming of somatic cells such 

as those obtained from patients. The hPSC-based model systems provide appropriate 
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experimental platforms for studying basic biology, disease mechanisms and drug 

discovery in a manner relevant to human biology. 

1.9.1. Human pluripotent stem cells for studying basic biology and disease 

mechanisms 

The hPSCs (i.e., hESCs and hiPSCs) are capable of both self-renewal and 

differentiation into any cell of embryonic origin (Thomson, 1998). Therefore, hPSCs 

offer an effectively indefinite source of differentiated physiologically-relevant (from 

hESCs) and disease-relevant (from hiPSCs) cells (Figure 1.7). This is crucial for 

studying basic biology in a manner relevant to humans, and in modelling human 

pathologies, as many cell-types are near impossible to isolate and culture, both 

technically and ethically, and have a limited proliferative capacity. Furthermore, readily 

available human cells avoid discrepancies due to evolutionary divergence between 

humans and animal models. Still, the utility of hPSCs in this context hinges on the 

refinement of reliable differentiation protocols into relevant cell identities. It might be 

for this reason that neurological and neurodegenerative diseases are at the forefront 

of disease modelling using hPSCs, as protocols for neuronal differentiation from 

hPSCs are relatively advanced (Shi et al., 2012, Seranova et al., 2020). Besides these, 

other types of cells for which differentiation protocols have been developed include 

cardiomyocytes (He et al., 2003), pancreatic beta cells (Assady et al., 2001), 

macrophages (Wilgenburg et al., 2013), hematopoietic cells (Kaufman et al., 2001), 

renal cells (Xia et al., 2013; Takasato et al., 2015) intestinal cells (Spence et al., 2010; 

McCracken et al., 2011), cells of the lung (McCauley et al., 2017; Jacob et al., 2017), 

and others. It is generally believed that hiPSCs hold similar potential to hESCs in their 

capacity to differentiate into various cell-types (Kim et al., 2010).  

The hPSCs can also be subjected to genome engineering, such as with zinc finger 

nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) or CRISPR 

(clustered regularly interspaced short palindromic repeats)/Cas9 systems (Chen and 

Knoepfler, 2016; Li et al., 2020; Geng et al., 2020; Vasileva et al., 2015). For instance, 

gene knockout or overexpression of reporter genes from the AAVS1 (adeno-

associated virus integration site 1) locus can be done in hESCs, and correction of 

disease-specific mutations to create isogenic controls can be done in patient-derived 

hiPSCs. The differentiation of hESCs and hiPSCs enables the establishment of  
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Figure 1.7. Cellular reprogramming for hiPSC generation and possible 
applications for hiPSC-based disease modelling and drug discovery.  

A disease-affected patient serves as a source of easily obtained somatic cells which 
can subsequently be reprogrammed into human induced pluripotent stem cells 
(hiPSCs). Genetic editing technology such as CRISPR/Cas9 can be used to generate 
isogenic controls. hiPSCs are then differentiated into disease relevant cell-types, such 
as neurons for the modelling of neurodegenerative diseases. Thus, disease modelling 
may be performed on a platform with a genetic load which is identical to disease-
bearing individuals. Such cells may be grown in two- or three-dimensional modelling 
conditions, engrafted into animals and subjected to high-throughput screening for drug 
discovery. Ultimately, new therapeutic agents may be discovered, and a personalised 
therapy plan may be used to benefit the individual patient. Derived cells may also be 
used for autologous transplantation after correction with genetic editing.  

Figure reference: Seranova E. et al. Journal of Molecular Biology 432(8): 2754-2798 
(2020). 
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workable in vitro platforms for studying gene function or biological processes in human 

cell-type-specific manner at a physiological level, or for studying disease mechanisms 

in specific disease-associated and disease-affected human cell-types.  

Notwithstanding, while it is extremely useful to have established cultures of specific 

disease-affected cells, some phenotypes of a disease are not manifested in a two-

dimensional culture system. Therefore, it is advantageous that more complex 

structures be utilised, ones in which the three-dimensional interactions between 

multiple cell subtypes are taken into account. This is partly being addressed by the 

development of three-dimensional organoid cultures, which replicate in vivo cell-cell 

interactions to some degree (Seranova et al., 2020). Some examples of diseases that 

have been studied using two- and three dimensional hiPSC-derived culture systems 

include developmental diseases such as autism spectrum disorder (ASD) (DeRosa et 

al., 2018, Nestor et al., 2015) neurodegenerative disorders such as PD (Fernández‐

Santiago et al., 2015) and AD (Lee et al., 2016), and lysosomal storage disorders like 

NPC1 disease (Maetzel, Sarkar et al., 2014), amongst many others. The study of 

infectious diseases has also been conducted with the use of hiPSC-derived intestinal 

and gastric organoids for Helicobacter pylori, Salmonella and Clostridium difficile 

(McCracken et al., 2014; Leslie et al., 2014; Paredes-Sabja et al., 2014), as well as 

hiPSC-derived monocytes (Ye et al., 2014), T cells and natural killer cells (Ni et al., 

2010) for HIV infection. The host response to Zika and Dengue viruses has been 

investigated in hiPSC-derived macrophages (Lang et al., 2018).  

1.9.2. Human pluripotent stem cells in drug discovery and drug screening 

Understanding the molecular mechanisms underlying pathology is an important step 

in the development of targeted therapies. The hiPSC-derived disease models can 

serve as a more direct platform for drug discovery, as candidate drugs can be directly 

tested using patient-derived cells. Differentiated disease-relevant cells from large 

cohorts or from individual patients can be subjected to treatment with specific 

candidate drugs, or simultaneously with a large number of compounds using high-

throughput screening (HTS) (Figure 1.7). Similarly, hESC-derived cell-types offer 

physiologically-relevant platforms to identify drugs that will be effective in the desired 

differentiated cells and also to ascertain cell-specific effects. In both cases, an 
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observable phenotype, or set of phenotypes, must be defined in order to evaluate the 

efficacy and potency of tested compounds in the setting of the specific disease model. 

Numerous therapeutic agents have been tested in this way for multiple diseases, such 

as for various neurodegenerative disorders including AD (Bright et al., 2015), ALS 

(Burkhardt et al., 2013), NPC1 (Maetzel, Sarkar et al., 2014), and SMA (Naryshkin et 

al., 2014). In the case of HTS, the phenotype must be capable of being measured via 

automated analysis. This may not be suitable when the disease phenotype is difficult 

to quantify, or if a system which would allow automatic quantification would be 

extremely laborious to develop. HTS has the advantage of allowing testing of over one 

million compounds simultaneously without the need for prior knowledge about the drug 

mechanism. This allows the possibility of testing a large number of drugs, which have 

already been approved for use in humans for possible repositioning thereof in other 

diseases, thereby expediting clinical trials and new treatment options. Such systems 

have been employed in the study of AD (Xu et al., 2013), familial dysautonomia (Lee 

et al., 2012), and ALS (Barmada et al., 2014). Achieving rapid drug screening for 

patient-derived model systems could facilitate a breakthrough in personalised 

medicine, as the response to various drugs could be tested on individual patient cells. 

They also allow screening for drug toxicities on specific and possibly individual human 

tissues, most commonly hepatotoxicity (Takayama et al., 2018), cardiotoxicity (Blinova 

et al., 2018), and neurotoxicity (Ohara et al., 2017). Additionally, hiPSC-derived 

macrophages carrying a GBA mutation responsible for Gaucher disease have been 

utilised to validate hits from HTS that were capable of enhancing GBA activity and 

reverse disease phenotype (Aflaki et al., 2014).  

While a number of autophagy modulators have been identified in immortalised cell 

lines, emerging reports suggest some of these compounds display cell-type specificity 

of efficacy and drug action (Sarkar et al., 2006; Chou et al., 2018; Sharma et al., 2020). 

For instance, some of the potent autophagy inducers discovered by HTS in HeLa cells 

did not show any efficacy in hiPSC-derived neuronal and hepatic cells of NPC1 

disease (Kuo et al., 2015). Likewise, autophagy-inducing drugs like verapamil and 

SMER28 that could induce autophagy in hiPSC-derived neurons were ineffective in 

hiPSC-derived hepatic cells (Maetzel, Sarkar et al., 2014). Thus, it is pertinent to 

identify autophagy-modulating compounds in appropriate human cell-types that would 
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be effective in the target organs of patients. Therefore, there is a need to establish 

human cellular platforms to advance drug discovery for clinical translation.  

 

 

1.10. Differentiation of hESCs into desired human cell-types 

Since the first derivation of hESCs from in vitro fertilised human embryos in 1998 

(Thomson, 1998), their use in drug discovery and stem cell therapy has been 

significantly increased over the past years. Due to the expression of pluripotency 

factors Nanog, Oct4, Sox2, SSEA4 that ensure their self renewal capability, hESCs 

are able to differentiate into all three embryonic germ layers and thus are virtually 

capable of producing any desirable cell-type for further studies. They are characterised 

by high levels of telomerase activity, the ability to proliferate in an undifferentiated state 

for months and the capability to form trophoblast for further derivation of endoderm, 

mesoderm and ectoderm (Hyslop et al., 2005; Hanna et al., 2010; Hiyama and 

Hiyama, 2007).  

Ethical concerns about the fact that hESCs are derived from human embryos in the 

blastocyst stage are present in stem cell research, but the advantage of utilising 

human physiologically-relevant cellular platforms that can be differentiated into various 

somatic cell-types of interest is of tremendous advancement for biomedical research. 

The discovery of transcription factors OCT4, SOX2, KLF4 and c-MYC governing the 

cell fate had led to reprogramming of somatic cells back into pluripotency (Takahashi 

and Yamanaka, 2006; Takahashi et al., 2007). This resulted in the generation of 

patient-derived hiPSCs that are now widely used by researchers to study a range of 

diseases. However, the use of hESCs is more preferable than hiPSCs, because the 

hiPSCs could carry epigenetic alterations and background variations that may 

contribute to phenotypic cell-to-cell alterations (Soldner and Jaenisch, 2018). 

As genome engineering can be utilised to edit genes in hESCs (Soldner and Jaenisch, 

2018; Byrne et al., 2014), it is now possible to knockout an autophagy essential gene 

or to insert an autophagy reporter in the genome for generating hESC models with 

autophagy readouts. These have been recently established by Sarkar and colleagues 

(unpublished data) and have been utilised in this thesis study. Moreover, these hESC 
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models of autophagy can be differentiated into the desired somatic cell-types having 

identical genetic backgrounds, thus enabling the creation of isogenic cellular 

platforms. Such systems will enable the study of any human cell-specific regulation 

and therapeutic manipulation of autophagy. The differentiation of hESCs into neurons 

and macrophages, the desired cell-types generated in this thesis work, are discussed 

below. 

1.10.1. Neuronal differentiation 

From the moment the derivation of hESCs (Liu et al., 2017; Kilpinen et al., 2017) and 

later hiPSCs (Hara et al., 2006) was possible, there was a plethora of studies exploiting 

hPSCs to derive neuronal cells for experimentation. The differentiation of hPSCs into 

human neurons was employed to study multiple aspects of neural biology related to 

neurodegeneration, development and more. The hPSC-derived neurons can be 

exploited for multiple purposes, such as for understanding disease mechanisms in 

patient cells, the advancement of drug discovery or cell therapy applications (Miller et 

al., 2013; Vera et al., 2016). Autophagy has been also studied in hPSC-derived 

neurons in multiple human neuronal cell lines, contributing to our better understanding 

of this biological process in a physiologically relevant manner (Mertens et al., 2015; 

Mertens et al., 2018) 

There are several differentiation protocols that have been developed in the last decade 

(Sterneckert et al., 2014; Soldner and Jaenisch, 2018; Jiménez-Moreno et al., 2017; 

Jungverdorben et al., 2017; Svendsen et al., 1997). The majority of them consists of 

two stages. Firstly, hESCs undergo a switching of the self-renewal state to neural 

induction. This usually includes the formation of spheroids cultured on non-adherent 

plates, which leads to the generation of neural precursors (NPs). The NPs then plated 

as a monolayer for expansion and further pushed to become terminally differentiated 

neurons. There are various growth factors used to direct this differentiation process.  

There are two main signaling pathways that have been identified to play a crucial role 

in directed neural differentiation. The inhibition of both BMP and TGFβ contributes to 

significant enhancement of NP populations within hPSC culture (Pera et al., 2004; 

Gerrard et al., 2005). This has been achieved by several methods including small 

molecules and noggin-mediated suppression of BMP. The suppression of 

Lefty/Activin/TGFβ mediated by the small molecule SB431542 results in decreasing 
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the self-renewal capacity of hPSCs and promoting neural induction (Zhang et al., 

2001). Variations of this dual signalling inhibition for neural differentiation are widely 

used by laboratories across the world. After the hPSCs have committed to the 

neuronal lineage and expressed markers representing the NP phenotype, it is possible 

to further direct the differentiation into specific cell-types such as neurons, astrocytes, 

microglia or even direct the cell into certain subtypes such as dopaminergic neurons. 

For the purpose of this project, a mixed population of neurons was generated that 

represents a physiologically-relevant culture. In this case, a mixed population of 

neurons refers to a population with subtypes of specific neurotransmitter release, such 

as GABAergic neurons, glutamatergic neurons, dopaminergic neurons, serotonergic 

neurons, and so on. This was achieved by applying the dual signaling inhibition 

protocol as previously described (Maetzel, Sarkar et al., 2014; Cohen et al., 2007).  

1.10.2. Macrophage differentiation 

There are few studies demonstrating the differentiation of hPSCs into macrophages 

(Wilgenburg et al., 2013; Haenseler et al., 2017; Ackermann et al., 2017; Lachmann 

et al., 2015; Takata et al., 2017; Shi et al., 2018). However, in comparison to the broad 

literature of differentiation methods for the hPSC-derived neuronal platforms, there are 

much fewer studies for generating hPSC-derived macrophages. The reason being that 

patient-derived macrophages can be obtained from patient blood samples, from which 

monocytes can be isolated and consequently cultured with appropriate growth factors 

to facilitate their terminal differentiation into macrophages. Another crucial element is 

the cost of the hPSC-derived macrophage culture, which is significantly higher than 

hPSC-derived neuronal culture. While the differentiation of macrophages from 

monocytes obtained from patient blood is possible in vitro, the resulting macrophages 

might have versatile physiological states that are influenced by the patient's genetic 

background. Moreover, large amounts of donor blood is required every time, hindering 

the scalability of such workflow. In addition, macrophages are refractory to genetic 

manipulation as they are capable of recognising foreign nucleic acids (Wilgenburg et 

al., 2013). Finally, primary human macrophages are not a convenient experimental 

platform because of their inability to be maintained in culture for more than a few days 

(Aggarwal et al., 2010). Because primary macrophages are difficult for genome 

engineering for making genetic models, and also present the issue of genetic 

variability in samples obtained from multiple individuals, genome engineered hESC-
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derived macrophages serve as an ideal platform for drug discovery and other 

biological studies for the purpose of this thesis work. Alternative experimental systems 

include immortalised monocytic cell lines like THP-1 (Tsuchiya et al., 1980); however, 

they exhibit karyotypic abnormalities and are functionally immature (Odero et al., 2000, 

Berges et al., 2005). 

The macrophage differentiation techniques have come a long way from co-culture of 

hiPSCs with OP9 mouse stromal cell monolayers (Choi et al., 2011; Senju et al., 2011) 

to EB-based protocols with serum-free, fully defined media (Karlsson et al., 2008; 

Wilgenburg et al., 2013; Lachmann et al., 2015). Most of the existing protocols utilise 

GM-CSF (granulocyte macrophage colony stimulating factor) or M-CSF (macrophage 

colony stimulating factor) to terminally differentiate myeloid progenitors, the so-called 

monocyte-like cells, into macrophages. Despite the fact that the existing protocols 

have been significantly optimised for yield and consistency, there are still pitfalls 

associated with high culture cost, lengthy time frames required to obtain the hPSC-

derived macrophages, as well as considerations about the recapitulation of 

macrophage ontogeny in the resulting cells (Buchrieser et al., 2017). Studies have 

shown that the in vitro hematopoietic differentiation of hPSCs is more similar to in vivo 

primitive hematopoiesis than to definitive hematopoiesis (Vanhee et al., 2014), and 

this fact is something that should be kept in mind when hPSC-derived macrophages 

are utilised for biomedical studies. A way to validate findings from hPSC-derived 

macrophages is to compare them with human blood monocyte-derived macrophages. 

As differentiation protocols become more sophisticated, the refinement of 

differentiation into tissue specific subtypes, might solve this issue and provide an 

analogous final product of terminally differentiated macrophages that will serve as a 

superior platform for experimentation. This could be achieved through either co-culture 

with tissue specific cell-types such as neurons (Haenseler et al., 2017; Takata et al., 

2017) and astrocytes (Pandya et al., 2017) for microglia production as an example, or 

cytokine treatment that would contribute to recapitulation of an environment that 

resembles organ specificity (Abud et al., 2017). 

The cell-type specific investigation of autophagy regulation in macrophages is 

necessary for biomedical applications and drug discovery pertaining to xenophagy 

(clearance of pathogens) in infectious diseases. As there was a need to build an 

experimental platform in an appropriate human cellular context instead of immortalised 
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cell lines, this was done by establishing hESC-derived macrophages that were 

differentiated from hESCs genome engineered by Sarkar and colleagues to stably 

express the pH-sensitive autophagy reporter, mCherry-EGFP-LC3.  
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1.11.  Aims and Hypotheses 

There has been an exponential growth in the number of studies related to the role of 

autophagy in human health and diseases; thereby attributing this process to be of 

physiological and biomedical importance. However, some of the core questions in the 

field include how impairment in autophagy causes cytotoxicity, and what are the potent 

autophagy inducers effective in the target organs of the patients. This thesis work aims 

to develop hESC-based human cellular platforms for addressing these issues in a 

manner relevant to human biology. Such hESC models of autophagy are currently not 

available, and are expected to be of broad interest to the scientific community. 

The aims and hypotheses of this thesis are: 

Aim 1 (related to thesis Chapter 2): Establish autophagy-deficient human cellular 

platforms exhibiting cytotoxicity by utilising ATG5–/– hESCs. 

Hypothesis 1 (related to Aim 1): Autophagy is vital for cellular survival and hence 

autophagy deficiency will increase cell death in these physiologically-relevant human 

cellular platforms.  

Aim 2 (related to thesis Chapter 3): Investigate the mechanistic link between 

autophagy deficiency and cytotoxicity using hESC models of autophagy deficiency and 

hiPSC models with autophagy dysfunction.  

Hypothesis 2 (related to Aim 2): Since autophagy maintains cellular homeostasis, 

the apoptotic phenotype due to autophagy deficiency might arise from a failure of its 

homeostatic functions, such as a metabolic defect because autophagy also promotes 

metabolic homeostasis. 

Aim 3 (related to thesis Chapter 4): Establish autophagy reporter human cellular 

platform utilising mCherry-EGFP-LC3 hESCs for drug discovery in hESC-derived 

macrophages.  

Hypothesis 3 (related to Aim 3): Since autophagy plays a major role in pathogen 

clearance, identifying potent autophagy inducers in immune cells like macrophages 

will be of biomedical importance.  
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Chapter 2: Establishment of autophagy-deficient human 

cellular platforms utilising hESCs 

2.1. Overview 

The physiological relevance of experimental platforms used for fundamental science 

and drug discovery is gaining attention for elucidating human-relevant biology and 

subsequent translational research. Since cell-type specificity could unravel the precise 

biological mechanisms that govern human health and disease, the use of human 

embryonic stem cells (hESCs) as an experimental platform is advantageous for 

biomedical research. This is because these physiologically-relevant hESCs, upon 

differentiation to the desired cell-types, generate isogenic cellular platforms for 

comparison between the parental and the differentiated cell-types. In order to study 

the role of autophagy in cellular homeostasis, particularly how decline or malfunction 

of autophagy mediates cytotoxicity, an autophagy-deficient system was generated in 

hESCs. This was further utilised to generate autophagy-deficient neural precursors 

(NPs) and neurons that have the same genetic background as in the parental hESCs. 

Since autophagy has a major implication in neurodegeneration, this genetic hESC 

model of autophagy deficiency will enable investigating how loss of autophagy 

mediates neuronal cell death, and whether this neurotoxicity could be prevented by 

pharmacological treatments. 

The objectives/milestones for this results chapter include: 

(1) Establishment of hESC model with autophagy deficiency. 

(2) Generation of autophagy-deficient neural precursors and neurons. 

(3) Characterisation of cell death phenotype in these autophagy-deficient human 

cellular platforms. 

2.2. Introduction to the existing autophagy knockout models and the 

need for a hESC-based experimental platform 

Numerous studies of autophagy in knockout models demonstrate the importance of 

this process for development, survival and myriad physiological functions (see Chapter 

1, Section 1.7). Mice with complete knockout of Atg5 were not viable beyond 24 hours 

after birth (Kuma et al., 2004), and similar results were found with the knockout models 
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of Atg16, Atg7, Atg3 and Atg12 (Malhotra et al., 2015; Saitoh et al., 2008; Sou et al., 

2008; Komatsu et al., 2005). However, when Atg5 was re-expressed in the brains of 

Atg5-deficient mice, the pups were able to survive (Yoshii et al., 2017). On the other 

hand, conditional knockouts of autophagy genes in various organs make it possible to 

study the impact of autophagy, or lack thereof, in a tissue-specific manner (Mizushima 

and Levine, 2010; Kuma et al., 2017). 

Despite the valuable in vivo data generated from mouse models, mice are 

physiologically distinct from humans. Thus, there is a need to create more 

physiologically-relevant models to study autophagy in the human system (Perlman, 

2016). Using CRISPR/Cas9, an ATG5 knockout human ovarian cancer stem cell line 

was generated in a recent study (Pagotto et al., 2017). Few other ATG gene knockouts 

were also made in HeLa cells (Mizushima and Levine, 2010; Kuma et al., 2017). 

However, these cellular systems being cancerous cell lines, and various mutations 

could be contributing to abnormal cell growth, it is desirable to create an improved 

human cellular model of autophagy that is of more physiological relevance to humans.  

Human embryonic stem cells (hESCs) are one of the most physiologically-relevant 

cells derived from human embryos in the blastocyst stage. The hESCs can undergo 

self-renewal and are pluripotent, having the ability to be differentiated into various 

somatic cell types (Thomson, 1998) (see further details about the characteristics and 

utility of hESCs in Chapter 1, Section 1.9). Therefore, creating an autophagy-deficient 

hESC model will serve as a platform of high basic and biomedical relevance to study 

autophagy. Consequently, the aim of this chapter is to establish a hESC model with 

autophagy deficiency, differentiate them into the desired cell types, and further utilise 

these autophagy knockout, isogenic, human cellular platforms to investigate how loss 

of autophagy could lead to cell death. This study will not only elucidate how autophagy 

contributes to cellular homeostasis, but also identify potential therapeutic interventions 

to combat cytotoxicity in diseases associated with autophagy dysfunction. 

 

  



57 
 

2.3. Results 

2.3.1. Generation and characterisation of autophagy-deficient  hESCs 

Since there are no previous reports of an autophagy knockout system in hESCs, we 

chose to create this autophagy-deficient hESC model. This system will be of human 

physiological relevance, and will enable generation of isogenic cellular platforms to 

compare and study the cell type specific regulation and homeostatic function of 

autophagy. Loss of autophagy can be achieved by knockout of an essential 

autophagy-related (ATG) gene like ATG5, which encodes for a key protein required 

for autophagosome formation (Kuma et al., 2004) (Figure 2.1a). Previously, Sarkar 

and colleagues generated autophagy-deficient (ATG5–/–) hESCs by knocking out exon 

3 of the ATG5 gene via genome engineering with transcription activator-like effector 

nucleases (TALENs) (Figure 2.1b). The TALEN technology employs engineered 

restriction enzymes made by fusing a TAL effector DNA-binding domain to a DNA-

cleaving nuclease in order for the TALENs to target the specific DNA sequence of 

interest (Joung and Sander, 2012). The parental hESC line used was the WIBR3 

hESC line that has been previously characterised and published (Lengner et al., 

2010). The correctly targeted ATG5–/– clones were confirmed by Southern blot and 

Sanger sequencing (data not shown, performed previously by Sarkar and colleagues). 

Five homozygous (ATG5–/–) and two heterozygous (ATG5+/–) knockout clones were 

obtained (Figure 2.1c). This autophagy deficient hESC model will serve as an in vitro 

experimental platform to understand the role of autophagy in cellular homeostasis and 

identify any cell-specific effects in the isogenic hESC-derived cell types. 

After the generation of autophagy-deficient hESCs, the pluripotency of some of these 

cell lines were examined in order to assess that loss of autophagy did not compromise 

this essential characteristic of pluripotent hESCs. Some of the major pluripotency 

markers in hESCs that were analysed include NANOG, POU5F1/OCT4, SOX2, 

SSEA4 and TRA-1-60 (Sperger et al., 2003). The ATG5+/– and multiple clones of 

ATG5–/– hESCs expressed these pluripotency markers that appeared comparable to 

the wild-type (ATG5+/+) hESCs when evaluated by immunofluorescence staining 

(Figures 2.2a,b). Additionally, measurement of the relative mRNA expression levels of 

NANOG, OCT4 (POU5F1) and SOX2 via qPCR also revealed that the expression of 

these pluripotency markers were not overtly different (Figures 2.2c,d). 
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Figure 2.1. Schematic representation of the impact and the genome editing 
strategy of ATG5 gene disruption, and the list of hESC lines obtained.  

a, Schematic representation of the autophagy pathway indicating the consequences 
of ATG5 gene deletion, such as loss of phagophore and autophagosome/LC3-II 
(denoted by red cross) and accumulation of autophagic cargo like p62 (denoted by red 
arrow).  

b, Targeting strategy for deleting exon 3 in human ATG5 gene by TALENs (performed 
by Sovan Sarkar and colleagues).  

c, List of parental and autophagy-deficient human embryonic stem cell (hESC) lines. 
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Figure 2.2. Characterisation of ATG5–/– hESCs for pluripotency.  

a, b, Immunofluorescence analyses with anti-SOX2, anti-SSEA4, anti-OCT4 and anti-
TRA-1-60 antibodies in ATG5+/+, ATG5+/–_1 and ATG5–/–_1 hESCs (a) and with anti-
OCT4, anti-NANOG, anti-TRA-1-60 and anti-SOX2 antibodies in ATG5–/–_5 and 
ATG5–/–_6 hESCs (b) that were stained with DAPI. 

c, d, Quantitative RT-PCR (qPCR) expression analyses of human NANOG, POU5F1 
and SOX2 genes in ATG5+/+, ATG5–/–_5 (c) and ATG5–/–_6 (d) hESCs where data are 
shown relative to GAPDH expression.  

Representative images (a, b) shown from one of 2 independent experiments. 
Graphical data denote mean ± s.e.m. (n = 3) where P values were calculated by 
unpaired two-tailed Student’s t-test from 3 independent experiments (c, d). ***, 
p<0.001; *, p<0.05; ns, non-significant. Scale bar, 200 µm (a, b). 
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Although there was a small but significant decrease in OCT4 (POU5F1) mRNA 

expression levels in ATG5–/–_5 (clone 5) hESCs compared to the ATG5+/+ hESCs 

(Figure 2.2c), there were no significant reduction in the expression of other markers 

and also this difference did not seem to be compromising the self-renewal capacity of 

this cell line. This is evident by the proliferation and division rate of these cells, as well 

as their ability to differentiate into neural precursors and neurons that indicate of their 

commitment to the neuronal lineage (described later in Section 2.3.6). Thus, 

abrogation of autophagy does not seem to affect the pluripotency of these genome-

edited hESCs. 

2.3.2. Phenotypic characterisation of ATG5–/– hESCs for loss of autophagy 

After confirming the pluripotency of ATG5+/– and ATG5–/– hESCs, partial or complete 

loss of autophagy was examined in these respective cell lines in comparison to the 

ATG5+/+ hESCs under full growth medium (basal condition). Firstly, knockout of ATG5 

was assessed at a protein level by immunoblotting. Since the ATG5 protein normally 

exists in conjugation with ATG12 (Mizushima et al., 1998), immunoblotting analyses 

revealed complete or partial loss of the ATG5-ATG12 conjugate in ATG5–/–_1 (clone 

1) and ATG5+/–_1 (clone 1) hESCs, respectively (Figure 2.3a). Other ATG5–/– clones 

(clones 3, 5 and 6) also displayed loss of the ATG5-ATG12 conjugate by 

immunoblotting (Figure 2.3b). Next, autophagy deficiency was examined under basal 

condition. The primary method to check this is via the absence of LC3-II levels, 

because LC3-II directly correlates with autophagosome number (Klionsky et al., 2016). 

While LC3-I is a cytosolic, the lipidated LC3-II form resides on the autophagosome 

membrane and thus serves as a specific marker for autophagic vesicles. Loss of 

autophagosomes was confirmed in ATG5–/–_1 hESCs by absence of LC3-II levels and 

LC3+ puncta via immunoblotting and immunofluorescence, respectively, while ATG5+/–

_1 hESCs had less LC3-II levels and fewer LC3+ puncta compared to wild-type hESCs 

(Figures 2.3a,c). The absence of LC3-II levels were also confirmed in other ATG5–/– 

clones (clones 3, 5 and 6) by immunoblotting (Figure 2.3b). 

Autophagy deficiency would lead to inhibition of autophagic flux that will prevent the 

degradation of autophagic cargo, leading to accumulation of these materials. 

Therefore, the levels of a specific autophagy substrate, such as p62/SQSTM1, was 

analysed that is routinely used as a marker to assess autophagic cargo clearance 
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(Bjørkøy et al., 2005; Pankiv et al., 2007). As expected, the levels of p62 were 

substantially increased in multiple ATG5–/– hESC lines compared to ATG5+/+ hESCs 

(Figures 2.3a,b). 

Since starvation is a physiological trigger of autophagy, autophagy deficiency in 

ATG5–/– hESCs were also analysed under starvation condition by culturing the cells in 

Hanks Balanced Salt Solution (HBSS). Starvation-induced autophagy occurs via 

inhibition of mTORC1 (Kamada et al., 2000). Suppression of the mTORC1 kinase 

activity is assessed by the phosphorylation status of its downstream target, p70 S6 

kinase (S6K), and of S6 ribosomal protein (S6P) that is a target of S6K (Iiboshi et al., 

1999, Kozma et al., 1990). The efficacy of HBSS treatment (starvation) in mediating 

mTORC1 inhibition was confirmed by substantial reduction of the phosphorylated S6K 

and S6P levels in ATG5+/+, ATG5+/–_1 and ATG5–/–_1 hESC lines (Figure 2.3a). 

Notably, autophagy deficiency did not seem to affect mTORC1 activity because the 

phosphorylated S6K and S6P levels were comparable between ATG5+/+ and ATG5–/– 

hESCs (Figure 2.3a). Expectedly, induction of autophagy by starvation occurred in 

ATG5+/+ hESCs, as evident by increase in ATG5-ATG12 conjugate, LC3-II levels and 

LC3+ puncta under HBSS compared to full medium (FM); but this effect was not seen 

in ATG5–/– hESCs (Figures 2.3a-c). Likewise, p62 levels were decreased in wild-type 

hESCs, but not in ATG5–/– hESCs, when cultured in HBSS compared to FM (Figures 

2.3a,b).  

2.3.3. Nanoparticle-mediated ATG5 mRNA delivery rescues autophagy 

deficiency 

To further validate the genetic hESC model of autophagy deficiency, rescue of 

autophagy was studied by complementing with wild-type ATG5. Since it is difficult to 

attain a high transfection efficiency in hESCs, introduction of ATG5 in ATG5–/– hESCs 

could be achieved by lipid nanoparticle (LNP)-mediated mRNA delivery that results in 

the expression of the functional protein in target cells (Yanez Arteta et al., 2018, 

Kowalski, Rudra, Miao and Anderson, 2019). As a negative control, GFP mRNA was 

used. Treatment with human ATG5 mRNA containing LNPs, formulated with the 

ionizable lipid C12-200 (Kauffman et al., 2015), restored functional autophagic flux in 

multiple clones of ATG5–/– hESCs. This rescue effect by ATG5 LNPs in ATG5–/– 

hESCs was evident from the generation of ATG5-ATG12 conjugate that enabled the  
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Figure 2.3. Characterisation of ATG5–/– hESCs for autophagy deficiency.  

a, Immunoblotting analyses with anti-ATG5, anti-LC3, anti-p62, anti-GAPDH, anti-
phospho-p70 S6 kinase (P-S6K; Thr389), anti-p70 S6 kinase (S6K), anti-phospho-S6 
ribosomal protein (P-S6P; Ser235/236) and anti-S6 ribosomal protein (S6P) antibodies 
in ATG5+/+, ATG5+/–_1 and ATG5–/–_1 hESCs, cultured in full growth medium (FM) or 
starvation condition (HBSS for 3 h).  

b, Immunoblotting analyses with anti-ATG5, anti-LC3, anti-p62 and anti-GAPDH 
antibodies in ATG5+/+ and multiple clones of ATG5–/– hESCs, cultured in full growth 
medium or starvation condition (HBSS for 3 h).  

c, Immunofluorescence analysis with anti-LC3 antibody in ATG5+/+, ATG5+/–_1 and 
ATG5–/–_1 hESCs, cultured either in full growth medium or starvation condition (HBSS 
for 3 h).  

Representative immunoblot (a, b) shown from one of the 2 independent experiments. 
Representative images (c) shown from one of 2 independent experiments. Scale bar 
100 µm (c). 
 

 



63 
 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Rescue of functional autophagy in ATG5–/– hESCs via lipid 
nanoparticle-mediated ATG5 mRNA delivery.  

a, Immunoblotting analyses with anti-ATG5, anti-LC3 and anti-Tubulin antibodies in 
ATG5+/+, ATG5–/–_1, ATG5–/–_3 and ATG5–/–_4 hESCs, treated for 2 days with or 
without C12-200 lipid nanoparticle (LNP)-containing 2 µg of GFP or ATG5 mRNA.  

b, Immunoblotting analyses with anti-ATG5, anti-LC3, anti-p62, anti-GFP and anti-
Actin antibodies in ATG5+/+, ATG5–/–_5 and ATG5–/–_6 hESCs, treated for 2 days with 
or without C12-200 LNP-containing 2 µg of GFP or ATG5 mRNA. 

Representative immunoblot (a, b) shown from one of the 2 independent experiments. 
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formation of autophagosomes (LC3-II lipidation) and the clearance of p62; however, 

LNPs containing GFP mRNA did not have any effects (Figures 2.4a,b). These data 

further supported the autophagy-deficient hESC model established by ATG5 

knockout. 

 

2.3.4. Increased cytotoxicity in autophagy-deficient hESCs 

Having established the autophagy-deficient hESC model, the next important 

phenotype to assess is cell death. Multiple genetic studies have shown that tissue-

specific abrogation of autophagy in normal mice has caused degeneration in the 

affected organs, suggesting that basal autophagy is essential for cellular and tissue 

homeostasis (Hara et al., 2006; Komatsu et al., 2006). However, it is not clear how 

loss or malfunction of autophagy disrupts cellular homeostasis and reduces cell 

viability. Thus, cell death was assessed in ATG5–/– hESCs because demonstrating this 

phenotype is pertinent for our objective of understanding how loss of autophagy affects 

cellular survival in human cells. 

Cell death was measured by immunoblotting for cleaved caspase-3 and by CytoTox-

Glo Cytotoxicity assay. The assessment of cleaved caspase-3 is a key parameter for 

apoptosis. Caspase-3 is activated by both caspase-8 and caspase-9, which 

respectively represent the intrinsic and extrinsic apoptosis pathways leading to cell 

death (Liu et al., 2017). Caspase-3 is activated when cleaved at an aspartate residue, 

and this active form is responsible for the degradation of various cytoplasmic proteins 

and DNA fragmentation (Woo et al., 1998). On the other hand, the CytoTox-Glo 

Cytotoxicity assay measures cell death protease secreted from dying cells. This assay 

measures the relative luminescence levels obtained after a luminogenic cell-

impermeant peptide substrate generates a signal only from cells that undergo 

cytotoxic stress (Niles et al., 2009). Since cell death is a key phenotype for the 

research question, two detection methods were utilised to verify the reproducibility of 

results.  

Two independent autophagy-deficient clones, such as ATG5–/–_5 and ATG5–/–_6 

hESCs, were used for assessing cell death due to loss of autophagy in comparison to 

the wild-type ATG5+/+ hESCs that has functional autophagy. Increased apoptosis was 

found in ATG5–/–_5 and ATG5–/–_6 hESCs, as evident from elevated levels of cleaved  
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Figure 2.5. Autophagy-deficient hESCs exhibited increased cell death that could 
be rescued via lipid nanoparticle-mediated ATG5 mRNA delivery.  

a, Immunoblotting analysis with anti-cleaved caspase-3 and anti-Tubulin antibodies in 
ATG5+/+, ATG5–/–_5 and ATG5–/–_6 hESCs.  

b, Cytotoxicity assay in ATG5+/+, ATG5–/–_5 and ATG5–/–_6 hESCs, where the data 
were normalised to total cell population.  

c, Immunoblotting analyses with anti-cleaved caspase-3, anti-p62, anti-ATG5 and anti-
GAPDH antibodies in ATG5+/+ and ATG5–/–_5 hESCs, treated for 2 days with or 
without C12-200 lipid nanoparticle (LNP)-containing 2 µg of GFP or ATG5 mRNA.  

Representative immunoblot shown from one of the 3 (a) or 2 (c) independent 
experiments. Graphical data (a, b) are mean ± s.e.m. (n = 3 or 4) where P values were 
calculated by unpaired two-tailed Student’s t-test from 3 independent experiments. **, 
p<0.01; *, p<0.05. 
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caspase-3 by immunoblotting, as compared to ATG5+/+ hESCs under normal growth 

conditions (Figure 2.5a). Similarly, increased cytotoxicity was observed in these 

autophagy-deficient hESCs via the luminescence-based CytoTox-Glo Cytotoxicity 

assay (Figure 2.5b). These data suggest that autophagy-deficient hESCs have 

increased cell death under basal condition in the absence of any external stressors. 

To further determine whether loss of autophagy led to cell death in hESCs, ATG5  was 

introduced in ATG5–/– cells via LNP-mediated mRNA delivery. Treatment with C12-

200 LNPs containing ATG5 mRNA, but not GFP mRNA, restored functional 

autophagic flux and rescued apoptosis in ATG5–/–_5 hESCs. Immunoblotting analyses 

showed that ATG5 LNPs led to generation of the ATG5 protein, restored autophagy 

and caused p62 clearance, and reduced cell death as observed from decreased levels 

of cleaved caspase-3 (Figure 2.5c). Collectively, these data suggest that autophagy 

deficiency compromises cell viability in hESCs.  

2.3.5. Optimisation of neuronal differentiation from hESCs 

Having established a genetic model of autophagy deficiency in hESCs that exhibit 

increased basal cell death, the next step was to generate a human neuronal model in 

order to investigate the role of autophagy in neuronal survival. The wild-type ATG5+/+ 

and multiple clones of autophagy-deficient ATG5–/– hESCs were initially differentiated 

into neural precursors (NPs) via ‘dual-SMAD inhibition method’ followed by neuronal 

differentiation, as previously described (Maetzel, Sarkar et al., 2014; Cohen et al. 

2007, Seranova et al., 2020) (Figure 2.6a) (see Chapter 1, Section 1.12).  

A number of optimisation steps were undertaken while performing neuronal 

differentiation. The hESCs were initially differentiated into NPs that were further 

differentiated into neurons.  Upon differentiation into NPs, the hESCs transition to a 

committed, multipotent neural lineage that can only differentiate into neuronal 

subtypes. Literature suggests that NPs can expand for at least 10 passages if 

maintained at a desired high density (Kozhich et al., 2013). Anecdotal evidence from 

cell culture observation suggests that NPs actively proliferate for up to 12-15 passages 

before losing their multipotent capacity and undergoing senescence. In order to 

accurately study any perturbations in the cellular processes and biological phenotypes 

between different cell lines, it is important to use a similar passage number such as 
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for the wild-type and autophagy-deficient cell lines. This applies to the 

experimentations at the NP level, and also when plating the NPs for terminal 

differentiation into neurons.  

An additional parameter to consider for making the neuronal cultures is the initial 

seeding density of the NPs. This is important for neuronal differentiation because it 

affects the quality of the final neuronal population. When NPs are seeded too sparsely, 

their differentiation capability is compromised, usually leading to underdevelopment of 

neurons with short axons and a population that is unable to create neuronal networks. 

Additionally, this kind of cells largely do not stain positive for the neuronal markers 

such as TUJ1 or MAP2 (data not shown). On the other hand, when NPs are seeded 

too densely, the neuronal development appears to be closer to normal but there is a 

disproportionate number of astrocytic and microglial cells. This impacts on the purity 

of the neuronal population, thereby making this mixed population very difficult and 

inaccurate for certain experimental analyses at a population level. Moreover, different 

NP lines often show differential proliferation rates. Therefore, optimal seeding density 

of NPs for individual cell lines is essential to generate a near-homogenous population 

of neurons with similar density. For example, the cell numbers optimised for seeding 

in 1 well of a 6-well plate for the various NP lines for neuronal differentiation were 

680000 for ATG5+/+ NPs, 480000 for ATG5–/–_5 NPs and 450000 for ATG5–/–_6 NPs 

of passages 5-10. NPs of a lower passage would usually get utilised for expansion of 

the cell lines and subsequent cryopreservation. 

Another point of consideration is the coating of cell culture plates. Human pluripotent 

stem cell (hPSC)-derived neuronal cells from different hPSC lines could achieve 

optimal growth with the use of distinct coating matrices that have their individual 

characteristics. For neuronal differentiation and culture in this study, Vitronectin, 

Matrigel and Poly-DL-ornithine (PDLO)/Laminin coating were tested. Neurons grown 

on PDLO/Laminin demonstrated superior attachment. Additionally, neuronal networks 

grown on Matrigel and Vitronectin appeared to form a more mixed population of cells 

including astrocytes and microglia. Thus, PDLO was selected for use in this study. 

PDLO is a basic polypeptide that provides optimal conditions for neuronal growth and 

prevents bacterial growth (Burblies et al., 2016). Interestingly, a study demonstrated 

improved firing activity in hiPSC-derived neuronal networks grown on PDLO/Laminin 

in comparison to other substrate coatings, showing synapse stabilisation and  
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Figure 2.6. Generation and characterisation of autophagy-deficient hESC-
derived neural precursors and  neurons. 

a, Schematic representation of the differentiation method of hESCs into neural 
precursors (NPs) and then to neurons, along with portrayal of cell type specific markers 
and the growth factors supplemented in the cell culture medium at each stage of the 
differentiation process.  

b, Immunofluorescence analyses with anti-Nestin and anti-Pax6 antibodies in neural 
precursors (NPs) differentiated from ATG5+/+ (wild-type), and ATG5–/–_1, ATG5–/–_3, 
ATG5–/–_4, ATG5–/–_5 and ATG5–/–_6 (autophagy-deficient) hESCs. 

c, Immunofluorescence analyses with anti-MAP2 and anti-TUJ1 antibodies in 4 weeks 
old neurons differentiated from ATG5+/+, ATG5–/–_1, ATG5–/–_3, ATG5–/–_4, ATG5–/–

_5 and ATG5–/–_6 hESC-derived NPs.  

Representative images (b, c) shown from one of 3 independent experiments. Scale 
bar, 100 µm (b, c).  
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favourable physiological neuronal maturation profile. This might be attributed to 

supplementary carbonyl groups contributing to negative charges, as well as the high 

molecular weight of ornithine molecules that provide additional binding sites for cell 

attachment (Amin et al., 2016).  

2.3.6. Establishment and characterisation of hESC-derived neural precursors 

and neurons  

Following the differentiation of wild-type and autophagy-deficient hESCs into neural 

precursors (NPs) and neurons, these hESC-derived cell-types were characterised by 

the expression of their lineage-specific markers. These include NESTIN and PAX6 for 

NPs, and MAP2 and TUJ1 for neurons. Immunofluorescence analyses with antibodies 

for these markers confirmed the cellular identity of NPs and neurons differentiated 

from ATG5+/+ and multiple clones of ATG5–/– hESCs (Figures 2.6b,c). These cell type 

specific markers are routinely used to monitor the differentiation capacity and the 

cellular identity of hPSC-derived cells of neuronal lineage. PAX6 is a transcription 

factor that is essential for self-renewal and proliferation of neural stem cells (Curto et 

al., 2014), and NESTIN is a neuroepithelial stem cell protein and a cytoskeletal 

intermediate filament (Lendahl et al., 1990). Furthermore, SOX2 is a transcription 

factor expressed in both hESCs and NPs (but its expression is much higher in NPs 

compared to hESCs) that promotes neural ectodermal differentiation (Thomson et al., 

2011). On the other hand, the neuron-specific class III beta-tubulin (TUJ1) and 

microtubule associated protein 2 (MAP2) are not expressed in NPs but are 

subsequently detected in terminally-differentiated neurons (Menezes and Luskin, 

1994, Dehmelt and Halpain, 2004). TUJ1 is responsible for microtubule stability and 

neurite elongation once the neurons have formed their axons and dendrites (Ferreira 

and Caceres, 1992), while MAP2 regulates neuritic development and maintenance 

(Dehmelt and Halpain, 2004, Sánchez et al., 2000).  

In addition to immunofluorescence assessment, immunoblotting analysis for these 

markers confirmed the expression of these proteins in ATG5+/+ and multiple clones of 

ATG5–/– hESC-derived NPs (NESTIN, PAX6, SOX2) and neurons (MAP2, TUJ1) 

(Figures 2.7a-c). As a control non-expressing cell-type, hESCs were used in 

comparison to the NPs and neurons to demonstrate the cell-specific expression of 

PAX6 in NPs (Figure 2.7a), and MAP2 and TUJ1 in neurons (Figure 2.7c). Moreover,  
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Figure 2.7. Characterisation of autophagy-deficient hESC-derived neural 
precursors and  neurons via immunoblotting for cell specific markers.  

a, b, Immunoblotting analyses with anti-SOX2, anti-PAX6, anti-NESTIN and anti-
GAPDH antibodies in ATG5+/+, ATG5+/–_1 and ATG5–/–_1 hESC-derived neural 
precursors (NPs) along with ATG5+/+ hESCs (a), and in ATG5+/+ and multiple clones 
of ATG5–/– hESC-derived NPs (b).  

c, Immunoblotting analyses with anti-TUJ1, anti-MAP2 and anti-GAPDH antibodies in 
ATG5+/+ and multiple clones of ATG5–/– hESC-derived neurons (4 weeks old) along 
with ATG5+/+ hESCs.  

Representative immunoblot shown from one of the 2 independent experiments. 
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SOX2 was expressed at a substantially higher level in NPs than in hESCs, as expected 

(Figure 2.7a). Overall, immunofluorescence and immunoblotting data do not show any 

obvious differences in the expression of these cell-specific markers between ATG5+/+ 

and ATG5–/– NPs and neurons. These data suggest that abrogation of autophagy in 

hESCs did not overtly affect their differentiation potential into neuronal lineage.  

2.3.7. Characterisation of ATG5–/– hESC-derived NPs and neurons for loss of 

autophagy.  

After the characterisation of ATG5+/+ and ATG5–/– hESC-derived NPs and neurons for 

cell-specific markers, loss of autophagy was next examined in ATG5–/– cells. This was 

done similar to the phenotypic analysis in ATG5–/– hESCs as described in the previous 

Section 2.3.2. Deletion of ATG5 in NPs and neurons was confirmed by complete loss 

of the ATG5-ATG12 conjugate in multiple clones of ATG5–/– cells via immunoblotting 

(Figures 2.8a,c). Likewise, loss of autophagosomes was confirmed in these ATG5–/– 

hESC-derived cell-types under basal condition (full medium) by the absence of LC3-II 

levels (Figures 2.8a,c) and LC3+ puncta (Figures 2.8b,d) via immunoblotting and 

immunofluorescence, respectively. As a consequence of autophagy deficiency, the 

levels of the specific autophagy substrate, p62/SQSTM1, were substantially increased 

in multiple clones of ATG5–/– NPs and neurons (Figures 2.8a,c). In addition, induction 

of autophagy by starvation (with HBSS treatment) increased LC3+ puncta in ATG5+/+ 

NPs, as compared to these cells under full medium, but no autophagosomes were 

observed in ATG5–/– NPs (Figure 2.8b). However, starvation treatment was difficult in 

neurons because of the fragile nature of these cells, especially under stress conditions 

where the ATG5–/– neurons were extremely prone to die and float away in the cell 

culture plates. 

To further validate this autophagy-deficient human neuronal platform, human ATG5 

mRNA was introduced via lipid nanoparticles (LNPs) in ATG5–/– neurons (Figure 2.9a). 

Initial evaluation of C12-200 LNPs containing GFP mRNA indicated that these LNPs 

are efficient for mRNA delivery in hESC-derived neurons, as measured by GFP 

expression (Figure 2.9b). Similar to the rescue effects in ATG5–/– hESCs, C12-200 

LNP-mediated delivery of human ATG5 mRNA, but not GFP mRNA, restored 

functional autophagic flux in multiple clones of ATG5–/– neurons. This was evident from 

the effects of ATG5 mRNA-encapsulated LNPs on the generation of ATG5-ATG12  
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Figure 2.8. Phenotypic characterisation of ATG5–/– hESC-derived neural 
precursors and  neurons for loss of autophagy. 

a, Immunoblotting analyses with anti-ATG5, anti-LC3, anti-p62 and anti-GAPDH 
antibodies in ATG5+/+ and multiple clones of ATG5–/– hESC-derived neural precursors 
(NPs).  

b, Immunofluorescence analysis with anti-LC3 antibody in ATG5+/+ and ATG5–/–_5 
hESC-derived NPs, cultured either in full growth medium or starvation condition 
(HBSS for 1 h).  

c, Immunoblotting analyses with anti-ATG5, anti-LC3, anti-p62 and anti-GAPDH 
antibodies in ATG5+/+ and multiple clones of ATG5–/– hESC-derived neurons (4 weeks 
old).  

d, Immunofluorescence analysis with anti-LC3 antibody in ATG5+/+ and ATG5–/–_5 
hESC-derived neurons (4 weeks old).  

Representative immunoblot (a, c) shown from one of the 2 independent experiments. 
Representative images (b, d) shown from one of 2 independent experiments. Scale 
bar, 100 µm (b) or 10 µm (d). 
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Figure 2.9. Lipid nanoparticle-mediated ATG5 mRNA delivery in autophagy-
deficient neurons restored functional autophagic flux.  

a, Schematic representation of lipid nanoparticle (LNP)-mediated mRNA delivery in 
hESCs and hESC-derived neurons.  

b, Fluorescence analysis of GFP expression in ATG5+/+, ATG5–/–_5 and ATG5–/–_6 
hESC-derived neurons (4 weeks old), treated for 6 days with C12-200 LNP-containing 
2 µg of GFP mRNA and immunostained with anti-TUJ1 antibody.  

c, Immunoblotting analyses with anti-ATG5, anti-LC3, anti-GFP and anti-Actin 
antibodies in ATG5+/+ and multiple clones of ATG5–/– hESC-derived neurons (4 weeks 
old), treated for 4 days with or without C12-200 LNP-containing 2 μg/ml of GFP or 
ATG5 mRNA.  

d, Immunoblotting analysis with anti-p62, anti-LC3 and anti-GAPDH antibodies in 
ATG5+/+, ATG5–/–_4, ATG5–/–_5 and ATG5–/–_6 hESC-derived neurons (4 weeks old), 
treated for 6 days with or without C12-200 LNP-containing 2 µg of ATG5 mRNA.  

Representative immunoblot (c, d) shown from one of the 2 independent experiments. 
Representative images (b) shown from 1 experiment. Scale bar, 100 µm (b). 
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conjugate in ATG5–/– neurons, leading to the formation of LC3-II/autophagosomes and 

the consequent clearance of p62 (Figures 2.9c,d). However, GFP mRNA had no 

effects in ATG5–/– neurons on the generation of ATG5-ATG12 conjugate and LC3-II 

levels, as well as on p62 clearance (Figures 2.9c,d). These data further confirm the 

loss of autophagy phenotype in this autophagy-deficient human neuronal system. 

 

 

2.3.8. Increased cytotoxicity in ATG5–/– hESC-derived NPs and neurons 

To evaluate whether loss of autophagy in human neurons compromises cellular 

viability, cell death was analysed at population and single-cell levels. Similar to the 

apoptotic phenotype in autophagy-deficient hESCs, elevated levels of cleaved 

caspase-3 and increased cytotoxicity were seen in multiple clones of ATG5–/– hESC-

derived NPs at population level analysis (Figures 2.10a,b). Although immunoblotting 

analysis showing higher cleaved caspase-3 levels suggest overall increased apoptosis 

in ATG5–/– NPs (Figure 2.10a), FACS analysis showed increase in early and 

intermediate apoptosis in ATG5–/– NPs compared to the wild-type NPs, and overall 

increased cell death after combining all the stages (Figure 2.10b). The discrimination 

between apoptosis stages was possible using two cell death markers simultaneously, 

FITC-Annexin V and Propidium Iodide (PI). The range of expression between the two 

markers was used to discriminate between live cells (PI–/Annexin V–), early apoptotic 

cells (PI–/Annexin V+), intermediate apoptotic cells (PI+/Annexin V+) and late apoptotic 

cells (PI+/Annexin V–). 

ATG5–/– hESC-derived neurons (in two independent clones, ATG5–/–_5 and ATG5–/–

_6) also exhibited elevation in cleaved caspase-3 levels, as seen by immunoblotting 

at basal level compared to wild-type neurons (Figure 2.11a). Increased cytotoxicity 

was observed by luminescence-based assay in ATG5–/– neuronal cells as early as 2 

weeks of neuronal differentiation, and this was more substantial after 4 weeks (Figures 

2.11b,c). These population level data indicate increased cell death in ATG5–/– neurons. 

Furthermore, cell death was analysed at a single cell level by TUNEL assay and DAPI-

stained apoptotic nuclear morphology after immunostaining the neurons with TUJ1. 

The TUNEL assay is a sensitive detection method for fragmented DNA, which is an 

indication of apoptosis. Only nuclei of apoptotic cells are labelled with the TUNEL 

fluorophore and thus, quantification of TUNEL+ nuclei provides a quantitative measure  
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Figure 2.10. Increased cell death in autophagy-deficient hESC-derived neural 
precursors.  

a, Immunoblotting analyses with anti-cleaved caspase-3 and anti-Tubulin antibodies 
in ATG5+/+, ATG5–/–_5 and ATG5–/–_6 hESC-derived neural precursors (NPs).  

b, Analyses of live and apoptotic (early, intermediate and late) cells with FITC-Annexin 
V and propidium iodide staining by FACS in ATG5+/+ and multiple clones of ATG5–/– 
hESC-derived NPs.  

Representative immunoblot (a) shown from one of 3 independent experiments. 
Graphical data (a, b) are mean ± s.e.m. (n = 3) from 3 independent experiments. P 
values were calculated by unpaired two-tailed Student’s t-test (a, b). ***, p<0.001; **, 
p<0.01; *, p<0.05; ns, non-significant. 
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Figure 2.11. Increased cell death in autophagy-deficient hESC-derived neurons.  

a, Immunoblotting analyses with anti-cleaved caspase-3 and anti-Tubulin antibodies 
in ATG5+/+, ATG5–/–_5 and ATG5–/–_6 hESC-derived neurons (4 weeks old).  

b, c, Cytotoxicity assay in ATG5+/+, ATG5–/–_5 and ATG5–/–_6 hESC-derived neurons 
at 2 weeks or 4 weeks of neuronal differentiation.  

Representative immunoblot (a) shown from one of 3 independent experiments. 
Graphical data (a-c) are mean ± s.e.m. (n = 3–5). P values were calculated by unpaired 
two-tailed Student’s t-test (a-c) from 3 independent experiments. ***, p<0.001; **, 
p<0.01; *, p<0.05. 
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Figure 2.12. Increased apoptotic nuclei in autophagy-deficient hESC-derived 
neurons.  

a, b, TUNEL staining in ATG5+/+, ATG5–/–_5 and ATG5–/–_6 hESC-derived neurons (4 
weeks old), immunostained with anti-TUJ1 antibody (a), where TUNEL+ nuclei were 
analysed in TUJ1+ cells (b).  

c, d, Immunofluorescence analysis with anti-TUJ1 antibody along with DAPI staining 
(c) in ATG5+/+, ATG5–/–_5 and ATG5–/–_6 hESC-derived neurons (4 weeks old), where 
apoptotic nuclear morphology was analysed in TUJ1+ cells (d).  

Representative images (a, c) shown from one of 3 independent experiments. 
Graphical data (b, d) are mean ± s.e.m. (n = 3) where P values were calculated by 
unpaired two-tailed Student’s t-test from 3 independent experiments. ***, p<0.001; **, 
p<0.01; *, p<0.05; ns, non-significant. Scale bar, 100 µm (a, c). 
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of cell death. ATG5–/– neurons displayed significantly more TUNEL+ nuclei compared 

to the wild-type ATG5+/+ neurons (Figures 2.12a,b). Besides, apoptotic nuclear 

morphology was also assessed after DAPI staining (Kerr et al., 1972). Consistent with 

the TUNEL data, ATG5–/– neurons had significantly more apoptotic DAPI-stained 

nuclei compared to ATG5+/+ neurons (Figures 2.12c,d). By confirming the cell death 

phenotype in ATG5–/– neurons via multiple methodologies, these data collectively 

suggest that autophagy deficiency reduces cell viability in human neurons.  

 

2.4. Chapter summary 

The focus of this chapter was to establish a genetic model of autophagy deficiency in 

hESCs and hESC-derived cell types, particularly in neurons, to investigate the role of 

autophagy in cellular homeostasis that has implications in human disease associated 

with defective autophagy. The pluripotency of autophagy-deficient ATG5–/– hESCs did 

not seem to be overtly affected after ATG5 gene knockout. Moreover, these ATG5–/– 

hESCs could be differentiated into NPs and neurons, suggesting that their 

differentiation capability was not affected due to the loss of autophagy. The ATG5–/– 

hESCs, NPs and neurons expressed cell-specific markers comparable to that of their 

wild-type counterparts. Loss of autophagy was confirmed in all these ATG5–/– cells by 

multiple autophagy markers. Additionally, rescue of functional autophagic flux by 

introduction of ATG5 mRNA via lipid nanoparticles further confirmed the genetic 

knockout system in this hESC-based model. Importantly, all these ATG5–/– cells 

exhibited higher basal cell death compared to the wild-type cells, as analysed via 

multiple methodologies. In a nutshell, hESC-based isogenic human cellular platforms 

with autophagy deficiency were established that will be utilised to investigate the role 

of autophagy in cellular homeostasis and viability. 
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Chapter 3: Metabolic and mitochondrial defects mediate 

cytotoxicity during autophagy deficiency 

3.1. Overview 

In the previous chapter, once autophagy-deficient human cellular platforms were 

established, their cell death phenotype was confirmed as expected. The goal of this 

chapter is to investigate what cellular mechanisms underlying cell death are primarily 

affected due to autophagy deficiency. The ATG5–/– hESC and neuronal platforms 

would be advantageous for identifying any cell-specific or common perturbations, 

because they were generated via genome engineering from the same parental hESC 

(WIBR3) line, and therefore isogenic for having the same genetic background.  

In this chapter, a metabolic defect was identified in autophagy-deficient cells via 

unbiased metabolic profiling. This was found to be due to NADH depletion, which in 

turn was found to cause mitochondrial depolarisation and oxidative stress, 

subsequently leading to cell death. This potential mechanism was supported by using 

NADH-boosting compounds that rescued the mitochondrial and cell death 

phenotypes. In order to further demonstrate the implication of the data arising from the 

genetic autophagy knockout model to a disease-relevant model, such as of 

neurodegeneration, hiPSC models of a neurodegenerative lipid storage disorder 

(NPC1 disease) was utilised where the NADH-boosting compounds were found to be 

cytoprotective. 

The objectives/milestones of this results chapter include: 

(1) An unbiased approach (metabolomics) to determine changes in biological 

pathways linked to cell death in autophagy-deficient cells 

(2) Investigation of the cytotoxicity mechanism in ATG5–/– cells according to the 

perturbations from metabolic profiling (such as NADH depletion). 

(3) Demonstration of rescue in cell death phenotype by pharmacological agents (by 

NADH-boosting compounds) in ATG5–/– neurons and in a clinically-relevant 

neuronal model of a neurodegenerative disease. 

 



81 
 

3.2. Introduction to the role of autophagy in metabolic homeostasis 

As a catabolic pathway crucial for cellular functioning, autophagy is known to be 

involved in maintenance of metabolic homeostasis. Bulk degradation of cytoplasmic 

materials during non-selective autophagy following nutrient starvation releases a 

broad range of metabolites as breakdown products. For instance, the digestion of 

glycogen by autophagy releases glucose, which is used for glycolysis. The resulting 

pyruvate, after being converted to acetyl-CoA, is utilised by the tricarboxylic acid (TCA) 

cycle; the NADH generated through TCA cycle is utilised in oxidative phosphorylation. 

Otherwise, glucose is converted into substrates for anabolic synthesis. Alternatively, 

glucose via its conversion into glucose-6-phosphate is shunted to the oxidative 

pentose phosphate pathway to form ribulose-5-phosphate, which serves as a 

precursor for NAD and NADP (Rabinowitz and White, 2010). Additionally, the amino 

acids released from the breakdown of proteins can also be used as TCA cycle 

substrates and be later utilised for oxidative phosphorylation (Galluzzi et al., 2014). 

Because of this involvement of autophagy in the input of building blocks for TCA cycle 

and consequently oxidative phosphorylation utilisation, the interplay between 

autophagy and metabolism was next investigated. 

Another role of autophagy in relation to aerobic metabolism is through the 

mitochondrial quality control. Selective clearance of damaged mitochondria by 

autophagy, termed mitophagy, is essential for the maintenance of mitochondrial 

health. Mitochondria are important cellular organelles that contribute to ATP 

production and regulate Ca2+ calcium availability (Lemasters, 2014). However, 

mitochondria can also contribute to the production of excess reactive oxygen species 

(ROS) when dysfunctional. ROS affects the cell in multiple ways, such as cellular 

membrane and DNA damage, as well as improper ATP production (Lemasters, 2014). 

Moreover, damaged mitochondria release pre-apoptotic molecules, leading to cell 

death (Wang and Youle, 2009). For these reasons, it is imperative to have tight 

mitochondrial quality control mechanisms in place, for which mitophagy plays a crucial 

part. Specialised mitophagy receptors tag dysfunctional mitochondria and capture 

them into autophagosomes to initiate their digestion via mitophagy. Constitutive basal 

autophagy occurs in all the cells for housekeeping functions including removal of 

excess or damaged organelles, but when there is an accumulation of damaged 

mitochondria, the levels of mitophagy are elevated. In metabolically active tissues 
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where mitochondrial function is required more, basal autophagy is also higher to 

ensure healthy mitochondrial population (McWilliams et al., 2018). 

3.3. Results 

3.3.1. Metabolic defects in autophagy-deficient hESCs and neurons 

After generating and characterising ATG5–/– hESC-derived neurons, the major 

objective was to investigate what cellular mechanisms underlying neuronal cell death 

are primarily affected due to autophagy deficiency. Since autophagy promotes 

metabolic homeostasis by recycling cytoplasmic components and providing inputs to 

cellular anabolic processes (Lahiri et al., 2019; Rabinowitz and White, 2010), the 

apoptotic phenotypes of autophagy-deficient cells at basal state might arise from a 

metabolic failure (Altman and Rathmell, 2012). Although depletion of several 

metabolites, amino acids and nucleotides associated with loss of autophagy has been 

previously reported in immortalised cells and mouse models (Kuma et al., 2004; 

Mizushima et al., 2011; Fernie et al., 2004), the significance of this metabolic 

perturbation to cytotoxicity is not elucidated. To investigate whether any specific 

metabolic defect underlies cytotoxicity during autophagy deficiency, an unbiased 

metabolomics profiling via liquid chromatography–mass spectrometry (LC-MS) was 

performed in wild-type (ATG5+/+) and autophagy-deficient (ATG5–/–) hESCs and 

hESC-derived neurons.  

Significant alterations of many metabolites related to glycolysis and TCA cycle, energy 

carriers such as ATP, ADP, NAD+ and NADH, and various amino acids, were found in 

ATG5–/– cells compared to ATG5+/+ cells (Figures 3.1a-d). Interestingly, ATG5–/– 

hESCs and neurons revealed differential metabolic perturbations (Figures 3.1c,d), 

likely due to cell-specific metabolic requirements to meet their energy demands. In 

fact, hESCs rely on glycolysis for energy production and pluripotency, but upon 

differentiation, switch to mitochondrial oxidative phosphorylation (OXPHOS) (Verdin, 

2015). Indeed, differentiated cells like neurons having high energy demands are highly 

reliant on mitochondrial OXPHOS for ATP generation (Ying, 2008). Interestingly, 

glycolysis seems to be further downregulated in ATG5–/– neurons, and the majority of 

the amino acids were also depleted (Figure 3.1d). Moreover, the starting molecules of  



83 
 

 

Figure 3.1. Autophagy-deficient hESCs and neurons have perturbed metabolic profiles.  

a, b, Two-dimensional principal component analysis (PCA) scores plots of samples using 
metabolites in ATG5+/+ and ATG5–/–_5 hESCs (a) and hESC-derived neurons (3 weeks old) 
(b). 

c, d, Metabolic profiling in ATG5+/+ and ATG5–/–_5 hESCs (c) and hESC-derived neurons (3 
weeks old) (d), depicted as heatmaps of log2 (fold change) of ATG5+/+ to ATG5–/– cells. P 
values were calculated by Student’s t-test using Benjamini and Hochberg FDR method (n = 3) 

on 3 independent biological replicates. 

LC-MS metabolomics was performed by Oliver Maddocks (University of Glasgow), and 
bioinformatics analysis was performed by Animesh Acharjee (University of Birmingham). 
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Figure 3.2. Perturbation of specific metabolites in autophagy-deficient hESCs 
and hESC-derived neurons. 

a-d, Analyses of D-Glucose (a), acetyl CoA (b), L-Lactate (c) and L-Tryptophan (d) by 
LC-MS in ATG5+/+ and ATG5–/–_5 hESCs and hESC-derived neurons (3 weeks old).  

Graphical data are mean ± s.e.m. (n = 3). P values were calculated by unpaired two-
tailed Student’s t-test on 3 independent biological replicates. ***, p<0.001; **, p<0.01; 
*, p<0.05; ns, non-significant. 
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glycolysis (glucose) and TCA cycle (acetyl-CoA) were reduced in both ATG5–/– hESCs 

and neurons (Figures 3.2a,b), suggesting that these metabolic pathways are affected. 

3.3.2. Depletion of NADH is a common underlying perturbation in autophagy-

deficient hESCs and neurons, and in other non-hESC model systems  

Since cell death was observed in both ATG5–/– hESCs and neurons, one question is 

whether a common metabolic defect elicited due to autophagy deficiency. Amongst 

the common positively or negatively changed metabolites (Figures 3.3a,b), this study 

focused on those showing a reduction that include certain glycolytic and TCA cycle 

intermediates along with AMP, ADP and possibly NADH (Figure 3.3a). The overall 

yield from glycolysis and TCA cycle normally constitutes ATP and NADH, and lowering 

of these energy carriers could trigger energetic deficit (Youle and Narendra, 2010). 

Unbiased metabolomics data and more specific luminescence-based assay showed 

significant reduction of ATP levels in ATG5–/– neurons (Figures 3.1d and 3.4b); but 

surprisingly, ATP was significantly increased in ATG5–/– hESCs (Figures 3.1c and 

3.4a). This could be possibly due to enhanced glycolysis in autophagy-deficient 

hESCs because lactate was increased and glucose was decreased, as revealed by 

LC-MS metabolomics (Figures 3.2a,c). 

However, although unbiased metabolomics showed significant depletion of NADH in 

ATG5–/– neurons whereas its decrease in ATG5–/– hESCs was non-significant (Figures 

3.1c,d), more specific colourimetric-based assay revealed significant depletion of 

NADH in both these ATG5–/– cell-types (Figure 3.4c). In contrast, NAD+ (oxidised form) 

was significantly lower only in ATG5–/– neurons (Figure 3.4d), possibly due to shortage 

of substrates like the essential amino acid L-Tryptophan required for its de novo 

synthesis (Fang et al., 2017)(Figure 3.2d).  

Therefore, depletion of NADH in autophagy-deficient hESCs and neurons could 

possibly be a common metabolic determinant of cell death. Moreover, our related 

collaborative study in non-hESC systems involving in vitro (immortalised MEFs, 

primary human fibroblasts) and in vivo (Drosophila, yeast) models of autophagy 

deficiency or dysfunction indicate NADH depletion as the primary cause for cell death 

(Sedlackova et al., 2020, BioRxiv https://doi.org/10.1101/2020.01.31.928424). Thus, the 

consequences of NADH depletion on cell death was next studied in the context of 

autophagy deficiency in hESCs and hESC-derived human neurons. 

https://doi.org/10.1101/2020.01.31.928424
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Figure 3.3. Common negative and positive changes in metabolites in autophagy-
deficient hESCs and hESC-derived neurons. 

a, b, List of common negative (a) and positive (b) changes in metabolites (log2 fold 
changes) in ATG5+/+ and ATG5–/–_5 hESCs and hESC-derived neurons (3 weeks old). 
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Figure 3.4. Alterations of the levels of energy carriers in autophagy-deficient 
hESCs and hESC-derived neurons.  

a, b, Analyses of ATP and ADP levels in ATG5+/+, ATG5–/–_5 and ATG5–/–_6 hESCs 
(a) and hESC-derived neurons (3 weeks old) (b) by colourimetric assay.  

c, d, Analyses of NADH (c) and NAD+ (d) levels in ATG5+/+, ATG5–/–_5 and ATG5–/–

_6 hESCs and hESC-derived neurons (3 weeks old) by colourimetric assay. 

Graphical data are mean ± s.e.m. (n = 3 or 4). P values were calculated by unpaired 
two-tailed Student’s t-test from 3 independent experiments. ***, p<0.001; **, p<0.01; 
*, p<0.05; ns, non-significant. 
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3.3.3. Autophagy-deficient hESCs and neurons exhibit mitochondrial 

depolarisation and elevation in ROS  

The next goal is to study how depletion of NADH could mediate cytotoxicity in 

autophagy-deficient human cells. Oxidation of NADH mediates the generation of 

mitochondrial membrane potential (ΔΨm), in which the flow of electrons (donated by 

NADH) through the mitochondrial electron transport chain (ETC) together with the 

pumping of protons create an electrochemical proton gradient; which eventually drives 

ATP production by the mitochondrial F0F1-ATP synthase (Lautrup et al., 2019). 

Therefore, it is possible that depletion of NADH in autophagy-deficient cells could 

dissipate ΔΨm and mediate cytotoxicity. In order to test this hypothesis, ΔΨm was 

assessed by TMRE (tetramethylrhodamine, ethyl ester), a cell-permeant, cationic, red-

orange fluorescent dye that gets readily sequestered by active mitochondria and thus 

serves as an indicator of mitochondrial polarisation (Farrelly et al., 2001). The ΔΨm 

was evaluated as the delta (Δ) fluorescence of TMRE, calculated by subtracting the 

basal fluorescence from the maximum fluorescence intensity after treatment of FCCP 

[carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone] (e Silva et al., 2019, 

Rosenstock et al., 2004). FCCP is a mitochondrial oxidative phosphorylation 

uncoupler, causing the disruption of ATP synthesis by transporting protons across the 

mitochondrial inner membranes. Using this standard TMRE assay, ATG5–/– hESCs 

and neurons displayed a significant reduction in ΔΨm compared to their wild-type 

counterparts (Figure 3.5a), suggesting that mitochondria are depolarised in these 

autophagy-deficient cells. Mitochondrial dysfunction is responsible for the production 

of ROS to a significant degree in mammalian cells (Murphy, 2008; Mailloux, 2015). 

ROS are oxygen-containing molecules that are highly reactive with nucleic acids, 

proteins and lipids (Kehrer, 1993), and excessive amounts of ROS can be damaging 

to the cells by triggering apoptosis (Matés and Sánchez-Jiménez, 2000; Fleury et al., 

2002). Hence, ROS was measured in autophagy-deficient cells via CM-H2DCFDA dye, 

which is a standard methodology. Mitochondrial depolarisation has been reported to 

be accompanied by a phenotype where increased ROS has been observed (Park, J., 

et al., 2011). Consistent with mitochondrial depolarisation, elevation in ROS levels was 

detected in ATG5–/– hESCs and neurons (Figure 3.5b). Together, these data reveal 

that mitochondrial depolarisation and increased ROS are associated with autophagy 

deficiency. 
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Figure 3.5. Mitochondrial depolarisation and elevation in ROS in autophagy-
deficient hESCs and hESC-derived neurons.  

a, Analysis of mitochondrial membrane potential (ΔΨm) by TMRE fluorescence 
intensity (measurement before or after FCCP treatment) in ATG5+/+ and ATG5–/–_5 
hESCs and hESC-derived neurons (3 weeks old).  

b, Analyses of reactive oxygen species (ROS) levels by H2DCF-DA fluorescence 
intensity in ATG5+/+, ATG5–/–_5 and ATG5–/–_6 hESCs and hESC-derived neurons (3 
weeks old).  

Graphical data are mean ± s.e.m. (n = 3–5). P values were calculated by unpaired 
two-tailed Student’s t-test on 3 independent experiments. ***, p<0.001; **, p<0.01; *, 
p<0.05. 
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3.3.4. Autophagy-deficient hESCs and neurons are associated with 

mitochondrial fragmentation and impaired clearance of fragmented 

mitochondria 

Further to observing mitochondrial dysfunction in autophagy-deficient cells, 

mitochondrial network integrity was studied by analysing mitochondrial rod length. This 

was measured by MitoTracker staining or by immunostaining for Tom20. Tom20 is 

part of the mitochondrial outer membrane translocase complex, which coordinates the 

import of most proteins into the mitochondria (Perry et al., 2008; Rapaport, 2005), 

wherein TOM20 functions as a primary receptor for mitochondrial precursor proteins 

(Hachiya et al., 1995). MitoTracker, a fluorescent dye that localises to mitochondria 

irrespective of ΔΨm and is retained after fixation; often used an additional assay to 

confirm the data on mitochondrial network obtained with TOM20 immunostaining. 

Concomitant with increased ROS found in autophagy-deficient cells, mitochondrial 

fragmentation was observed in ATG5–/– hESCs and hESC-derived neurons via Tom20 

immunofluorescence or MitoTracker staining, compared to the respective wild-type 

cell types (Figures 3.6a-f). This phenotype was also found in ATG5–/– hESC-derived 

neural precursors (NPs) (Figures 3.7a-d). The hESC-derived cell types were also 

immunostained with cell-specific markers, such as TUJ1 for neurons (Figures 3.6c,e) 

or NESTIN for NPs (Figure 3.7a), to confirm the cellular identity. Evidently, significant 

mitochondrial fragmentation was consistent across all the isogenic ATG5–/– cell types 

analysed, implicating that this phenotype is being affected by autophagy deficiency. 

As a consequence of mitochondrial depolarisation, damaged mitochondria are 

removed via mitophagy (Zhang et al., 2015), which is important for cellular 

homeostasis but crucial particularly for post-mitotic neurons. Due to lack of autophagy, 

it is expected that mitophagy will be suppressed in ATG5–/– cells. Although ATG5–/– 

neurons had increased mitochondrial load as seen by substantial elevation of Tom20 

levels via immunoblotting, surprisingly ATG5–/– hESCs displayed no change in Tom20 

levels compared to that of the wild-type cells (Figure 3.8a). This is possibly due to 

proliferation of hESCs, but not neurons, diluting the accumulating mitochondria in 

autophagy-deficient cells. Increased mitochondrial load in ATG5–/– neurons was 

further confirmed by immunostaining with anti-Tom20 and anti-TUJ1 antibodies where 

high Tom20 fluorescence intensity was observed (Figure 3.8b).  
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Figure 3.6. Increased mitochondrial fragmentation in autophagy-deficient 
hESCs and hESC-derived neurons.  

a, b, Immunofluorescence with anti-Tom20 antibody (a) and analyses of average 
mitochondrial rod length per cell (b) in ATG5+/+ and ATG5–/–_5 hESCs.  

c, d, Immunofluorescence with anti-Tom20 and anti-TUJ1 antibodies (c) and analyses 
of average mitochondrial rod length per image (d) in ATG5+/+ and ATG5–/–_5 hESC-
derived neurons (3 weeks old). 

e, f, MitoTracker staining together with TUJ1 immunostaining (e) and analysis of 
average mitochondrial rod length per image (f) in ATG5+/+ and ATG5–/–_5 hESC-
derived neurons (3 weeks old). 

Graphical data (b, d, f) are mean ± s.e.m. (n = 4). P values were calculated by unpaired 
two-tailed Student’s t-test (b, d, f) from 3 independent experiments. **, p<0.01. 
Representative images (a, c, e) shown from one of 3 independent experiments. Scale 
bar, 10 µm (a, c, e). 
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Figure 3.7. Increased mitochondrial fragmentation in autophagy-deficient hESC-
derived neural precursors.  

a, b, MitoTracker staining together with NESTIN immunostaining (a) and analysis of 
average mitochondrial rod length per cell (b) in ATG5+/+ and ATG5–/–_5 hESC-derived 
neural precursors (NPs).  

c, d, Immunofluorescence with anti-Tom20 antibody (c) and analysis of average 
mitochondrial rod length per cell (d) in ATG5+/+ and ATG5–/–_5 hESC-derived NPs.  

Graphical data (b, d) are mean ± s.e.m. (n = 4). P values were calculated by unpaired 
two-tailed Student’s t-test (b, d) from 3 independent experiments. ***, p<0.001; **, 
p<0.01. Representative images (a, c) shown from one of 3 independent experiments. 
Scale bar, 10 μm (a, c). 
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Figure 3.8. Impaired mitophagy in autophagy-deficient hESC-derived neurons.  

a, Immunoblotting analyses with anti-Tom20 and anti-Tubulin antibodies in ATG5+/+, 
ATG5–/–_5 and ATG5–/–_6 hESCs and hESC-derived neurons (3 weeks old).   

b, Immunofluorescence analysis with anti-Tom20 and anti-TUJ1 antibodies in ATG5+/+ 
and ATG5–/–_5 hESC-derived neurons (3 weeks old). 

Representative immunoblot (a) shown from one of 3 independent experiments. 
Graphical data (a) are mean ± s.e.m. (n = 3). P values were calculated by unpaired 
two-tailed Student’s t-test from 3 independent experiments.*, p<0.05; ns, non-
significant. Representative images (b) shown from 1 experiment. Scale bar, 100 µm 
(b). 
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3.3.5. NAD/NADH boosting compounds improve neuronal and mitochondrial 

phenotypes, and rescue cell death in autophagy-deficient neurons  

Collectively, the data so far indicate that autophagy-deficient cells, which have a deficit 

in NADH and other metabolites, is associated with mitochondrial dysfunction and 

fragmentation along with elevation in ROS. Therefore, it is plausible that NADH 

depletion could link autophagy deficiency to cell death via mitochondrial 

depolarisation. To test this hypothesis, compounds that could boost NAD+ and 

consequently NADH levels were utilised to study whether these pharmacological 

agents could prevent cell death in autophagy-deficient cells. A well-known strategy is 

supplementation with the NAD+ precursor, nicotinamide (NAM) (Barrow et al., 2016). 

Additional means to elevate NADH include suppression of mitochondrial NADH 

consumption. This could be achieved with compounds such as CP2, which inhibits 

mitochondrial ETC complex I and prevents the use of NADH as a substrate (Ordonez 

et al., 2012); and I-BET 525762A (I-BET), previously shown to increase respiration 

through ETC complex II that consumes FADH2 rather than NADH as a substrate 

(Hansen et al., 2018). 

Initially, the effects of NAM, CP2 and I-BET in rescuing cell death in ATG5–/– hESCs 

and hESC-derived neurons was analysed by luminescence-based cytotoxicity assay, 

which measures the extracellular activity of a distinct dead-cell protease when it is 

released from membrane-compromised cells. As expected, untreated ATG5–/– cells 

had increased cytotoxicity compared to the untreated ATG5+/+ cells (Figure 3.9a,b). All 

the NAD/NADH boosting agents significantly reduced cytotoxicity in both the ATG5–/– 

hESCs (Figure 3.9a) and hESC-derived neurons (Figure 3.9b). Furthermore, cell 

death was analysed in ATG5–/– neurons by measuring apoptotic nuclei via TUNEL 

assay together with immunostaining for the neuronal marker, TUJ1. Similar to the 

cytotoxicity data, the NAD/NADH boosting compounds significantly reduced apoptotic 

TUNEL+ nuclei in TUJ1+ ATG5–/– neurons (Figures 3.9c,d). These results suggest that 

boosting NAD/NADH levels in autophagy-deficient cells, which exhibit deficit in NADH 

and increase in cell death, improves cell viability.  

Further to analysing cell death, neuronal phenotypes such as axonal length was also 

studied. Axonal health is related to good neuronal connectivity, and axonal loss often 

precedes somatic loss (Kordower et al., 2013). Axonal degeneration from injury differs 
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from the neuronal phenotypes related to apoptosis (Sagot et al., 1995; Deckwerth and 

Johnson, 1994). Axonal segmentation is one of the physical changes observed in 

neurodegeneration and is related to apoptosis (Kneynsberg et al., 2016). Interestingly, 

a significant reduction in axonal length was found in ATG5–/– neurons, compared to 

ATG5+/+ neurons (Figures 3.10a,b); a phenotype compatible with increased cell death 

in autophagy-deficient neurons. Treatment of ATG5–/– neurons with NAD/NADH 

boosting compounds like NAM, CP2 and I-BET, which could rescue cell death (Figures 

3.9b-d), also improved axonal length in autophagy-deficient neurons (Figures 

3.10a,b). This could be indicative of recovery in neuronal health in autophagy-deficient 

neurons following their improvement in cell viability. 

Next, the effects of NAD/NADH boosting treatments on the restoration of NADH levels 

and ΔΨm was assessed in order to study whether these changes were associated 

with the cytoprotective effects of the compounds. Indeed, NAM, CP2 and I-BET 

substantially increased NADH in ATG5–/– neurons (Figure 3.11a), in which NADH was 

depleted compared to the wild-type ATG5+/+ neurons (Figures 3.1d, 3.4c and 3.11a). 

However, these compounds did not alter the ATP or ADP levels in ATG5–/– neurons 

(Figures 3.11b,c), which also had reduction in these energy carriers compared to the 

wild-type ATG5+/+ neurons (Figures 3.1d, 3.4b and 3.11b,c); suggesting that the 

rescue of cell death in autophagy-deficient neurons was not due to ATP. Furthermore, 

mitochondria are depolarised in ATG5–/– neurons (Figures 3.5a and 3.11d). After 

treatment with NAM, CP2 and I-BET this mitochondrial depolarisation phenotype 

arising due to autophagy deficiency was significantly attenuated (Figure 3.11d). This 

suggests that increase in NADH levels is associated with the restoration of ΔΨm in 

autophagy-deficient neurons.  

Overall, these data suggest that boosting cellular NADH levels in autophagy-deficient 

neurons is associated with improvement in cell viability and neuronal phenotypes by 

restoring ΔΨm. The data also implicate that the pharmacological agents boosting 

NAD/NADH levels could have potential biomedical applications to combat 

neurodegeneration in the context of neurodegenerative diseases associated with 

autophagy dysfunction. 
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Figure 3.9. NAD/NADH boosting compounds rescued cell death in autophagy-
deficient hESCs and hESC-derived neurons.  

a, Cytotoxicity assay in ATG5+/+ and ATG5–/–_5 hESCs, where autophagy-deficient 
hESCs were treated with or without 1 mM nicotinamide (NAM), 1 µM CP2 and 500 nM 
I-BET 525762A (I-BET) for 2 days; ATG5–/– hESCs were replenished with compounds 
after 1 day.  

b, Cytotoxicity assay in ATG5+/+ and ATG5–/–_5 hESC-derived neurons (3 weeks old), 
where autophagy-deficient neurons were treated with or without 1 mM nicotinamide 
(NAM), 1 µM CP2 and 500 nM I-BET 525762A (I-BET) for the last 6 days; ATG5–/– 
neurons were replenished with compounds at day 3.  

c, d, TUNEL staining and immunofluorescence with anti-TUJ1 antibody along with 
DAPI staining (d) in ATG5+/+ and ATG5–/–_5 hESC-derived neurons (3 weeks old), 
where autophagy-deficient neurons were treated with or without NAM, CP2 and I-BET 
as in (b), and analysed for TUNEL+ apoptotic nuclei (c) in TUJ1+ neurons. 

Graphical data (a-c) are mean ± s.e.m. (n = 3 or 4). P values were calculated by 
unpaired two-tailed Student’s t-test (a-c) from 3 independent experiments. ***, 
p<0.001; **, p<0.01; *, p<0.05. Representative images (d) shown from one of 3 
independent experiments. Scale bar, 100 µm (d). 
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Figure 3.10. NAD/NADH boosting compounds improved axonal phenotype in 
autophagy-deficient hESC-derived neurons.  

a, b, Analysis of axonal length (b) in ATG5+/+ and ATG5–/–_5 hESC-derived neurons 
(3 weeks old), where the autophagy-deficient neurons were treated with or without 1 
mM NAM, 1 µM CP2 and 500 nM I-BET for the last 6 days (ATG5–/– neurons were 
replenished with compounds at day 3) and immunostained with anti-TUJ1 antibody 
(a).  

Graphical data (b) are mean ± s.e.m. (n = 5). P values were calculated by unpaired 
two-tailed Student’s t-test (b) from 3 independent experiments. ***, p<0.001; **, 
p<0.01; *, p<0.05. Representative images (a) shown from one of 3 independent 
experiments. Scale bar, 100 µm (a).  
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Figure 3.11. NAD/NADH boosting compounds increased cellular NADH levels 
and improved mitochondrial membrane potential in autophagy-deficient hESC-
derived neurons without affected ATP/ADP levels.  

a, Analysis of NADH levels in ATG5+/+ and ATG5–/–_5 hESC-derived neurons (3 weeks 
old), where autophagy-deficient neurons were treated with or without 1 mM NAM, 1 
µM CP2 and 500 nM I-BET for the last 6 days (ATG5–/– neurons were replenished with 
compounds at day 3).  

b, c, Analyses of ATP (b) and ADP (c) levels in ATG5+/+ and ATG5–/–_5 hESC-derived 
neurons (3 weeks old), where autophagy-deficient neurons were treated with or 
without NAM, CP2 and I-BET as in (a).  

d, Analysis of TMRE fluorescence intensity (in FCCP treated cells) in ATG5+/+ and 
ATG5–/–_5 hESC-derived neurons (3 weeks old), where autophagy-deficient neurons 
were treated with or without NAM, CP2 and I-BET as in (a).   

Graphical data (a-d) are mean ± s.e.m. (n = 3–6). P values were calculated by 
unpaired two-tailed Student’s t-test (a-d) from 3 independent experiments. ***, 
p<0.001; **, p<0.01; *, p<0.05; ns, non-significant. 

 

 

 



99 
 

3.3.6. NAD/NADH boosting compounds improve cell viability in Niemann-Pick 

type C1 (NPC1) patient-derived disease-affected neurons  

The final goal is to study whether the NAD/NADH boosting compounds, which were 

cytoprotective in the genetic neuronal model of autophagy deficiency, could also be 

effective in a neurodegenerative disease model associated with dysfunctional 

autophagy. For this aspect, patient-derived human induced pluripotent stem cell 

(hiPSC) models of Niemann-Pick type C1 (NPC1) disease (Maetzel, Sarkar et al., 

2014), an early-onset neurodegenerative lysosomal storage disorder associated with 

cholesterol accumulation and autophagy defect (Sarkar et al., 2013) was utilised. 

Previously, Sarkar and colleagues demonstrated that the neurons generated from 

NPC1 patient-specific hiPSC lines exhibited impairment in autophagic flux, and 

importantly, increased cytotoxicity at basal condition (Maetzel, Sarkar et al., 2014). 

Moreover, mitochondrial fragmentation and dysfunction have been reported in NPC1 

disease (Hansen et al., 2018; Schöndorf et al., 2018). Therefore, the NPC1 hiPSC-

based neuronal platform provides a disease-affected, clinically-relevant experimental 

system to test the therapeutic benefits of NADH-boosting agents as per the line of this 

study.  

Neural precursors (NPs) generated from a control and a NPC1 patient-derived hiPSC 

lines were used for neuronal differentiation (Figure 3.12a). Neurons were differentiated 

for 3 or 4 weeks and compound treatment was done for the last 6 days; after which 

the neurons were labelled by TUJ1 immunostaining and cell death was assessed by 

TUNEL assay. As described before (Maetzel, Sarkar et al., 2014), NPC1 neurons had 

substantial increase in cell death compared to the control neurons at basal condition 

without the application of any external stressors (Figures 3.12b,c). Cell death in NPC1 

neurons appeared more after 4 weeks, compared to 3 weeks, of neuronal 

differentiation (Figures 3.12b,c), which is probably due to age-dependent 

neurodegeneration. Thus, this neuronal platform is appropriate to test the therapeutic 

efficacy of candidate drugs in preventing neuronal cell death. Similar to the beneficial 

effects seen in ATG5–/– neurons, the NAD/NADH boosting compounds, NAM, CP2 

and I-BET, significantly reduced TUNEL+ apoptotic nuclei in TUJ1+ NPC1 hiPSC-

derived neurons after 3 or 4 weeks of neuronal differentiation (Figures 3.12b,c). 

Therefore, boosting NADH levels could improve neuronal viability during autophagy 

dysfunction in the context of a neurodegenerative disease. 
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Figure 3.12. NAD/NADH boosting compounds improved cell viability in 
Niemann-Pick type C1 (NPC1) disease patient hiPSC-derived neurons.   

a, Overview of control and NPC1 patient-derived hiPSC lines used in this study. 

b, c, Analysis of TUNEL+ apoptotic nuclei in control (Con) and NPC1 patient hiPSC-
derived neurons after 3 weeks (b) or 4 weeks (c) of neuronal differentiation, where the 
NPC1 disease-affected neurons were treated with or without 1 mM NAM, 1 µM CP2 
and 500 nM I-BET for the last 6 days (NPC1 neurons were replenished with 
compounds at day 3), and immunostained with anti-TUJ1 antibody.  

Graphical data (b, c) are mean ± s.e.m. (n = 3). P values were calculated by unpaired 
two-tailed Student’s t-test (b, c) from 3 independent experiments. ***, p<0.001; **, 
p<0.01. 
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3.4. Chapter summary 

While defective autophagy has been reported in several neurodegenerative conditions 

(Menzies et al., 2017; Dong et al., 2014) it remains elusive how malfunction of this vital 

homeostatic process compromises neuronal survival. The results from this chapter 

suggest a metabolic defect underlying the cytotoxicity during autophagy deficiency. 

While unbiased metabolic profiling revealed gross perturbations in a number of 

metabolites including amino acids and nucleotides, the overall data point to the 

depletion of NADH and the consequent mitochondrial depolarisation as a potential 

mechanism that could be attributed to causing cytotoxicity during autophagy 

deficiency. These observations are supported by the results that pharmacologically 

boosting cellular NADH levels, such as with NAM, CP2 and I-BET, could improve ΔΨm 

and cell viability in ATG5–/– neurons. These treatments were also cytoprotective in 

NPC1 patient-derived, disease-affected neurons with dysfunctional autophagy. This 

study is consistent with another recent study by Sedlackova and colleagues in non-

hESC based systems, where NADH depletion was found to be central in mediating 

the cytotoxicity in immortalised Atg5–/– mouse embryonic fibroblasts (MEFs), NPC1 

patient-derived primary fibroblasts, and Drosophila and yeast models associated with 

autophagy deficiency or autophagy dysfunction (Sedlackova et al., 2020, BioRxiv 

https://doi.org/10.1101/2020.01.31.928424). Of biomedical relevance, this intervention 

could have therapeutic benefits in a range of age-related, neurodegenerative or 

lysosomal storage diseases linked to autophagy dysfunction.  
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Chapter 4: Establishment of autophagy reporter screening 

platform in human macrophages utilising hESCs 

4.1. Overview 

Therapeutic exploitation of autophagy is steadily gaining interest as a treatment 

strategy for multiple diseases (Rubinsztein et al., 2012; Seranova et al., 2017; 

Palhegyi et al., 2019). Understanding the regulation of autophagy in a cell-specific 

manner will be clinically informative for therapeutic applications of autophagy 

modulators in the target organs affected in a vast range of diseases where autophagy 

is implicated. Moreover, in contrast to the use of immortalised, non-human or 

inappropriate cell-types, it is pertinent to determine the efficacy of autophagy 

modulation in the desired human cellular context because of cell-type-specific drug 

action (Kuo et al., 2015; Maetzel, Sarkar et al., 2014; Seranova et al., 2020). An 

autophagy reporter hESC-based platform was established that would enable the 

generation of isogenic human cell-types with autophagy readout to study cell-specific 

modulation of this process. The autophagy reporter system chosen for this purpose is 

the pH-sensitive mCherry-EGFP-LC3 reporter (Kimura et al., 2007), which could 

distinguish between autophagy inducers, inhibitors and blockers. The focus of this 

chapter is generation of macrophages, which are immune cells that act as the first line 

of defense for invading pathogens like bacteria and viruses. Stimulating autophagy in 

host cells like macrophages acts as a host-directed mechanism for enhancing the 

killing of pathogens; for instance, in the case of Mycobacterium tuberculosis 

associated with tuberculosis (TB) (Kim et al., 2019; Levine and Deretic, 2007; Sharma 

et al., 2018). Thus, autophagy reporter hESC-derived macrophages could be utilised 

for identifying potent or cell-specific autophagy inducers that have biomedical 

relevance in a range of infectious diseases including TB.  

The objective/milestones for this results chapter include: 

(1) Characterisation of autophagy reporter hESCs. 

(2) Generation of autophagy reporter hESC-derived monocytes and macrophages. 

(3) Characterisation of autophagy reporter human cellular platforms. 
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4.2. Introduction to the need for establishing autophagy reporter 

macrophage platform for identifying xenophagy inducers 

Macrophages are the primary line of defence against invading pathogens to combat 

infection (Aderem, 2003). The autophagy process in these host immune cells 

contribute to intracellular pathogen clearance; a process termed xenophagy 

(Castrejón-Jiménez et al., 2015). The aim of establishing an autophagy reporter 

hESC-derived macrophage platform is for future studies related to how autophagy is 

regulated in human macrophages, and implementing this knowledge to discover novel, 

potent autophagy modulators that could be utilised in adjunctive therapies for 

infectious diseases.  

Antibiotic resistance poses major challenge for multi- and extensively-drug-resistant 

species of Mycobacterium tuberculosis (Mtb) associated with TB (Palomino and 

Martin, 2014; Smith et al., 2012; Günther, 2014). Therefore, host-directed mechanisms 

like autophagy is an attractive alternative (Kim et al., 2019; Levine and Deretic, 2007; 

Sharma et al., 2018; Deretic, 2014). However, no treatment has been implemented by 

targeting autophagy, primarily due to lack of clinically-relevant human data. While the 

ability of some autophagy inducers to promote xenophagy is shown using 

immortalised, non-human or non-immune cells (Rubinsztein et al., 2015; Panda et al., 

2019), their efficacy and drug action could be cell-type-specific (Kuo et al., 2015; 

Maetzel, Sarkar et al., 2014; Seranova et al., 2020). Thus, the key barrier to translation 

is lack of known potent autophagy inducers in physiologically-relevant human 

macrophages, and therefore, there is an urgent need to identify such cell-type-specific 

drugs that will provide new host-directed treatment strategy against multi-drug-

resistant Mtb. 
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4.3. Results 

4.3.1. Characterisation of autophagy reporter hESCs stably expressing 

mCherry-EGFP-LC3 

To create an autophagy reporter hESC line (in WIBR3 hESC line), Sarkar and 

colleagues previously introduced the mCherry-EGFP-LC3 construct into the AAVS1 

(adeno-associated virus integration site 1) locus on chromosome 19 in the human 

genome by genome engineering with zinc finger nucleases (Figure 4.1a). This pH-

sensitive, tandem fluorescent-tagged autophagy reporter enables assessment of 

autophagic flux by monitoring autophagosome turnover (Kimura et al., 2007). Using 

this reporter system, the autophagosomes emit both mCherry+ and EGFP+ signals 

(mCherry+/EGFP+; yellow puncta), whereas the acidic autolysosomes emit only the 

acid-stable mCherry+ signal (mCherry+/EGFP–; red-only puncta) because the EGFP 

signal is acid-sensitive and gets quenched (Kimura et al., 2007) (Figure 4.1b). 

The autophagy reporter hESCs stably expressing mCherry-EGFP-LC3 exhibited the 

mCherry and EGFP signals as visualised by fluorescence microscopy (Figure 4.2a). 

After generating mCherry-EGFP-LC3 hESCs, it was necessary to ensure that genome 

editing did not affect the stemness of these hESCs. To confirm this, pluripotency 

markers such as NANOG, POU5F1/OCT4, SOX2 and SSEA4 were assessed. 

Immunofluorescence analysis showed that mCherry-EGFP-LC3 hESCs were positive 

for all these pluripotency markers (Figure 4.2b). Furthermore, their gene expression in 

mCherry-EGFP-LC3 hESCs were also compared to that in the wild-type, parental 

WIBR3 hESCs via qPCR. While there was a subtle but significant reduction in RNA 

levels of NANOG and POU5F1 in mCherry-EGFP-LC3 hESCs, no difference was 

found for SOX2 in comparison to the wild-type hESCs (Figure 4.2c). Overall, it is likely 

that the pluripotency of autophagy reporter hESCs is not overtly different to their 

parental wild-type cells. Finally, expression of the mCherry-EGFP-LC3 construct at 

protein level was analysed in autophagy reporter hESC line via immunoblotting. In 

contrast to the wild-type hESCs where this reporter was absent, autophagy reporter 

hESCs displayed mCherry- and EGFP-tagged LC3-I and LC3-II bands at 78 kDa and 

76 kDa, respectively (Figure 4.2d). Overall, these data confirm that autophagy reporter 

hESCs are pluripotent and express the mCherry-EGFP-LC3 reporter. 

 



106 
 

 

 

 

 

 

Figure 4.1. Schematic representation of the genome editing strategy in hESCs 
and the autophagy reporter readouts to monitor autophagosome turnover. 

a, The autophagy reporter mCherry-EGFP-LC3 construct was targeted to the AAVS1 
locus via genome engineering with zinc finger nucleases (ZFNs); performed by Sovan 
Sarkar and colleagues. Probes for Southern blotting to confirm integration of the donor 
construct are indicated. 

b, The mCherry-EGFP-LC3 construct is a pH-sensitive, tandem fluorescent-tagged 
autophagy reporter, wherein the autophagosome emits both mCherry+ and EGFP+ 
signals (mCherry+/EGFP+; yellow puncta), whereas the autolysosome emits only the 
acid-stable mCherry+ signal (mCherry+/EGFP–; red-only puncta) because the EGFP 
signal is acid-sensitive and gets quenched in the acidic lysosomal environment. 
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Figure 4.2. Phenotypic characterisation of mCherry-EGFP-hESCs.   

a, Brightfield and fluorescent microscopy images of a mCherry-EGFP-LC3 colony 
expressing EGFP and mCherry signals.      

b, Immunofluorescence analysis with anti-NANOG, anti-OCT4, anti-SOX2 and anti-
SSEA4 antibodies in mCherry-EGFP-LC3 hESCs. 

c, Quantitative RT-PCR (qPCR) expression analyses of human NANOG, POU5F1 and 
SOX2 genes in wild-type (parental WIBR3 line) and mCherry-EGFP-LC3 hESCs, 
where data are shown relative to GAPDH expression. 

d,  Immunoblotting analysis with anti-LC3 and anti-GAPDH antibodies in wild-type 
(parental WIBR3 line) and mCherry-EGFP-LC3 hESCs; immunoblot showing the 
higher molecular weight mCherry and EGFP-tagged LC3-I and LC3-II proteins in the 
autophagy reporter hESCs only.  

Graphical data denote mean ± s.e.m. (n = 3) where P values were calculated by 
unpaired two-tailed Student’s t-test (c) from 3 independent experiments. **, p<0.01; *, 
p<0.05; ns, non-significant. Representative images (a) shown from one of 2 
independent experiments. Scale bar, 20 µm (a) and 50 µm (b). 
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The autophagy reporter hESC line was further characterised for perturbations of the 

autophagosome turnover readout when subjected to known pharmacological 

modulators of autophagy. These include the autophagy inducer, rapamycin, and the 

autophagy blocker, bafilomycin A1. Rapamycin induces autophagy via inhibition of 

mTORC1 (Brown et al., 1994), while bafilomycin A1 blocks autophagy by preventing 

lysosomal acidification and autophagosome–lysosome fusion (Yamamoto et al., 

1998). Cells were either treated with dimethyl sulfoxide (DMSO; vehicle control), or 

with 200 nM rapamycin for 24 h or bafilomycin A1 100 nM for 4 h. As expected, 

rapamycin enhanced autophagic flux as evident from the increase in autolysosomes 

(mCherry+/EGFP– vesicles; red-only puncta indicated by red arrows in the merged 

panel) (Figure 4.3a); whereas bafilomycin A1 blocked autophagic flux by preventing 

autophagosome maturation as evident from the accumulation of autophagosomes 

(mCherry+/EGFP+ vesicles; yellow puncta indicated by yellow arrows in the merged 

panel) (Figure 4.3a). Furthermore, mCherry-EGFP-LC3 hESCs were subjected to 

starvation-induced autophagy. Starvation is a physiological trigger of autophagy that 

acts via inhibition of mTORC1 (Klionsky et al., 2016). Cells were starved with Hank’s 

Balanced Salt Solution (HBSS), which is routinely used in the field to stimulate 

autophagy (Klionsky et al., 2016). Indeed, culturing the hESCs in HBSS for 2 h 

significantly increased the numbers of autophagosomes and autolysosomes, as 

compared to the cells cultured in full growth medium (basal condition) (Figure 4.3b). 

These data suggest that the image-based readout of the autophagy reporter hESCs 

are sensitive to modulation of autophagy, and thus could be further developed as a 

screening platform.   
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Figure 4.3. Perturbations of autophagosome turnover readout in mCherry-
EGFP-LC3 hESCs by modulation of autophagy.  

a, Fluorescence analysis of mCherry-EGFP-LC3 hESCs after treatment with DMSO 
(vehicle control), 200 nM rapamycin (Rap) for 24 h or 100 nM bafilomycin A1 (Baf) for 
4 h. The autophagosomes (mCherry+/EGFP+ puncta) and autolysosomes 
(mCherry+/EGFP– puncta) are respectively shown by red or yellow arrows in the 
merged panel. 

b, Quantification of autophagosomes and autolysosomes in mCherry-EGFP-LC3 
hESCs, either cultured in full growth medium (basal condition) or subjected to 
starvation-induced autophagy by culturing in Hank’s Balanced Salt Solution (HBSS) 
for 2 h.  

Graphical data denote mean ± s.e.m. (n = 3) where P values were calculated by 
unpaired two-tailed Student’s t-test (b) from 3 independent experiments. ***, p<0.001; 
*, p<0.05. Representative images (a) shown from one of 3 independent experiments. 
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4.3.2. Challenges and mitigations of generation of autophagy reporter hESC-

derived macrophages 

After verifying the functionality of the autophagy reporter cell line, the next step was to 

differentiate the hESCs into macrophages by defined culture conditions. Briefly, the 

protocol consists of the following stages: seeding hESCs as single cells to form 

embryoid bodies (EBs) in low attachment plates or AggreWells; collecting the EBs 

after 4 days and seeding them in T75 flasks or 6-well plates to form the so-called 

‘factories’; culturing the ‘factories’ for 4-5 weeks in X-VIVO 15 medium supplemented 

with IL3 and M-CSF for generating monocyte-like cells; after monocytopoiesis is 

initiated, harvesting the supernatant from the ‘factories’ once or twice a week and 

differentiating the monocytic cells into macrophages (Figure 4.4a). This protocol has 

been previously published and routinely used for generating macrophages from 

human pluripotent stem cells (Wilgenburg et al., 2013). There are two versions of the 

protocol described; the first method utilises low attachment plates to create EBs of 

various sizes, and the second method utilises microwell culture plates that allow for a 

homogeneous, pre-defined size of all the resulting EBs (Wilgenburg et al., 2013). An 

initial attempt was made for the first differentiation method using the low attachment 

plates, as they were cost-effective. However, the formation of EBs in this setting 

proved to be challenging because they were not uniform, and so the next stage of 

differentiation involving the seeding of EBs in T75 flasks or 6-well plates to form 

‘factories’ proved unsuccessful. The amount of EBs that could successfully attach to 

adherent surface after seeding was insufficient, and this was possibly due to the 

difference in EB sizes that has been suggested to affect their development, attachment 

properties and differentiation capacity. Previously, the use of uniform, large sized EBs 

has been found to be more efficient for downstream differentiation applications 

(Wilgenburg et al., 2013). For these reasons, the differentiation protocol was switched 

to the second method using the microwell plates for uniform sized EBs. The microwells 

incorporated into the AggreWell plates produced EBs of similar size of approximately 

800 μm in diameter. This method was successful for macrophage differentiation. 

In addition to the above, a number of modifications were made to this differentiation 

method. The first change was made to overcome the hurdles of EB attachment to 

adherent surface after seeding into T75 flasks or 6-well plates for producing ‘factories’. 

A range of coatings was tested to determine the best conditions for EB attachment 
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using matrigel, laminin, vitronectin and gelatin (data not shown). Surprisingly, the 

highest attachment rate with up to 100% was achieved with 0.2% gelatin. Other 

coatings like matrigel, laminin and vitronectin, which usually provide attachment of 

primary and hPSC-derived cells, were not so effective. Therefore, gelatin coating was 

utilised for the rest of the work described in this chapter. Furthermore, while the original 

protocol suggests keeping the EBs in microwells for 4 days (Wilgenburg et al., 2013), 

the EB formation period was experimented with and found to be most optimal for 7 

days. The production of monocytic cells was enhanced when the EBs were cultured 

longer in AggreWells before transitioning to ‘factories’.  

An important modification made to the protocol was the inclusion of Quick-Tissue 

Mesoderm Booster, which is used to improve the differentiation capacity of various 

hiPSC lines. The treatment instructions suggest that the mesoderm booster can be 

applied when the differentiation protocol starts, with or without the growth factors used 

in the protocol. For macrophage differentiation, this means treating the EBs with 

mesoderm booster when initially putting them in the AggreWells, either in plain 

StemFlex medium or in StemFlex medium supplemented with BMP4, VEGF and SCF 

human recombinant growth factors. After trying both the options, treatment of the 

mesoderm booster in the presence of all the necessary growth factors was found to 

be more efficient, quicker and consistent in producing EBs (data not shown). Although 

the exact composition of the Quick-Tissue Mesoderm Booster is not publicly available, 

it appears to suppress the expression of pluripotency genes in hESCs; thereby 

augmenting their differentiation capacity and facilitating the switch from stemness to 

lineage commitment through the regulation of histone demethylase JMJD3 (Akiyama 

et al., 2016).  

The above differentiation method and the modifications tested were carried out using 

the wild-type (parental WIBR3) hESC line, followed by the autophagy reporter 

(mCherry-EGFP-LC3) hESC line (Figure 4.4b). The modified protocol was adapted for 

all the macrophage differentiation experiments in this chapter. Confirmation of the 

cellular identity of hESC-derived monocytic cells and macrophages were done in the 

next step. 
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Figure 4.4. Differentiation of hESCs into macrophages via monocytic cells. 

a, Schematic representation of the hESC differentiation method for generation of 
macrophages, indicating the growth factors, cytokines and speciality medium involved 
along with the timeline of the process.  

b,c, Brightfield (b) and fluorescent (c) images of wild-type (WT) (b) and mCherry-
EGFP-LC3 hESCs (c) showing different stages of the differentiation process: hESCs 
cultured on feeder-free basement membrane matrix; embryoid body (EB) formation in 
AggreWell; stroma from hematopoietic progenitors attached in “factory” for production 
of monocytic cells; macrophages.  

Representative images (b, c) shown from one of 3 independent experiments. Scale 
bar, 20 µm (b,c). 
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4.3.3. Characterisation of cellular identity of hESC-derived monocytic cells 

After the derivation of monocytic cells and macrophages from hESC, their cellular 

identities were determined. This was primarily carried out by analysing the expression 

of surface markers in hESC-derived monocytic cells and macrophages by antibody-

based fluorescence activated cell sorting analysis (FACS). The gating strategy for 

FACS analysis (Figure 4.5) was done as follows. First, the cells were discriminated 

according to their size and granularity. The forward scatter was used to single out cells 

according to their relative size. The side scatter was used to discriminate the cells 

according to their optical granularity and complexity. The bigger the size of a cell, the 

bigger the cytoplasm, which allows more surface to scan for compartments. A big cell 

will be located on the high end of a side scatter with more cytoplasm and less nuclear 

area to scan. Next, a doublet discrimination was done using the pulse width and the 

forward scatter discrimination to ensure only the viable single leukocytes were 

selected for further analysis.  Finally, the resulting cell population was plotted as a 

histogram versus cell count, and the data was presented in a logarithmic scale to 

evaluate the fluorescence intensity resulting from the antibody staining. For FACS 

analysis in mCherry-EGFP-LC3 hESC-derived monocytic cells and macrophages, 

UltraComp eBeads compensation beads were used to ensure the EGFP and mCherry 

signals do not bleed-through to the antibody staining channels. 

Initially, characterisation of the wild-type (parental WIBR3) and the autophagy reporter 

(mCherry-EGFP-LC3) monocytic cells were done by FACS analysis of the surface 

markers such as CD14, CD16, CD86, CD11b, CD11c, MHC-II, CD206, CD163 and 

CD45 (Figures 4.6a-i and 4.7a-g). The aforementioned surface marker panel was 

chosen according to their properties described in Table 4.1. 

Table 4.1. Monocyte and macrophage surface markers. 

Antigen Function Expression  

CD11b 

Integrin receptor (active signaling receptor) 
Mediates cell-cell and cell-matrix adhesion 
Recruit leukocytes to inflammatory sites 
Promote cell activation 
 

Expressed in 
monocytes and 
macrophages 

 

CD11c 

Integrin receptor (active signaling receptor) 
Mediate cell-cell and cell-matrix adhesion 
Recruit leukocytes to inflammatory sites 
Promote cell activation  
 

Expressed in 
monocytes and 
macrophages 
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CD14 

Surface antigen 
Mediates the innate immune response to bacterial LPS 
together with LPS binding protein (LBP) 
 

Expressed more in 
monocytes than 
macrophages 

 

CD16 

Low affinity IgG receptor  
Expressed as 2 distinct forms CD16a and CD16b 
transmembrane proteins 
CD16b expressed specifically on neutrophils 
CD16 binds aggregated IgG which functions in phagocytosis 
and antibody-dependent cell mediated cytotoxicity (ADCC) 
 

Expressed on surface 
of NK cells, activated 
monocytes and 
macrophages 

 

CD45 

A tyrosine phosphatase 
Critical for leukocytes functions  
Regulating signal transduction  
Cell activation associated with T cell, B cell and IL-2 receptors 
 

Most abundant 
hematopoietic marker; 
expressed on all 
leukocytes 

 

CD68 

Type I integral membrane protein 
Binds to tissue and organ specific lectins or selectins 
Also a scavenger receptor which function to clear debris, 
promote phagocytosis and mediate recruitment and activation 
of macrophages 
 

Highly expressed by 
tissue macrophages 
and human 
monocytes 

 

CD86 

Ligand for CD28 antigen and cytotoxic T-lymphocyte 
associated protein 4 
CD28 binding results in a co-stimulatory signal for T cell 
activation, induce high level expression of IL-2, impart 
resistance to apoptosis, enhance T cell cytotoxicity 
Cytotoxic T lymphocyte associated protein 4 binding 
negatively regulates T cell activation and diminished immune 
response 
 

Expressed in antigen 
presenting cells 
(APCs) 
Marker for 
macrophages 

 

CD163 

Scavenger receptor 
Functions in the clearance and endocytosis of 
hemoglobin/haptoglobin complexes by macrophages, and 
protects tissues from free hemoglobin-mediated oxidative 
damage 
May also function as an innate immune sensor for bacteria 
and inducer of local inflammation 
Regulates cytokine production by macrophages 
 

Exclusively expressed 
in monocytes and 
macrophages 

 

CD206 

Mannose receptor (MR) 
Type I membrane protein 
Pattern recognition receptor 
Recognises microbial carbohydrates with mannose, fucose, N-
acetyl glucosamine, sulfated carbohydrate antigens and 
collagen 
Mediates endocytosis and phagocytosis 
Mediates macrophage activation and antigen presentation 
On lymphatic endothelial cells, it was found to be involved in 
leukocyte trafficking 
 

Expressed on 
macrophages 

 

MHCII 

Involved in antigen presentation to T cells expressing 
CD3/TCR and CD4 proteins 
Main role of MHCII is to present processed antigens (derived 
from exogenous sources) to CD4+ T lymphocytes.  
Critical for initiation of antigen-specific immune response  
 

Expressed in antigen 
presenting cells 
(APCs) 
Present on both 
monocytes and 
macrophages 
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Figure 4.5. Gating strategy implemented for FACS analysis of cell surface 
markers. 

a–c, Wild-type hESC-derived monocytic cells were discriminated according to their 
size (forward scatter) and granularity (side scatter) (a), and then the doublets were 
excluded by forward scatter and pulse width (b). Finally, the data was presented as 
histogram (cell count) versus the fluorescent channel analysed (c).  
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Primary human blood monocytes fall into two predominant categories: the classical 

CD14+/CD16–, and the non-classical CD14–/CD16+ (Sampath et al., 2018). 

Additionally, there might be small subsets where a range of intermediate expression 

of these markers are observed. As seen by FACS analysis in the context of both wild-

type and autophagy reporter hESC-derived monocytic cells, the “factory” harvest 

consisted of cells that moderately expressed CD14 (Figures 4.6a and 4.7a) but were 

negative for CD16 (Figures 4.6b and 4.7b). These data indicate that the hESC-derived 

cells produced resemble more of the category of classical monocytic cells (Ziegler-

Heitbrock et al., 2010). 

Furthermore, there were expression of the surface markers CD86, CD11b, CD11c, 

CD163 and CD206 in both wild-type (Figures 4.6c-e,g,h) and autophagy reporter 

(Figures 4.7c-f) hESC-derived monocytic cells, as expected to be seen in monocytes. 

In addition, there was high expression of CD45 (Figures 4.6i and 4.7g), which is the 

most abundant hematopoietic marker expressed on the surface of all leukocytes 

(Ziegler-Heitbrock et al., 2010). When stained for MHC-II, the expression of this 

marker in the wild-type hESC-derived monocytic cells was negligible in rested state 

(Figure 4.6f). It is noteworthy that MHC-II is most abundantly expressed when cells 

have received an inflammatory stimulus (Sampath et al., 2018, Ziegler-Heitbrock et 

al., 2010).  

Overall, both the wild-type and autophagy reporter hESC-derived monocytic cells 

displayed surface marker expression that are expected in primary monocytes, and 

these properties are consistent with the characterisation data demonstrated in human 

pluripotent stem cell-derived monocytic cells (Wilgenburg et al., 2013). 
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Figure 4.6. FACS analyses of surface markers in wild-type (parental WIBR3) 
hESC-derived monocytic cells. 

a–i, Surface expression of CD14 (a), CD16 (b), CD86 (c), CD11b (d), CD11c (e), 
MHC-II (f), CD206 (g), CD163 (h) and CD45 (i) were measured by FACS in wild-type 
(parental WIBR3) hESC-derived monocytic cells. Histograms represent surface 
staining (shaded blue) compared to the isotype control (pink line). X-axis shows 
antibody staining, Y-axis shows cell count. For each sample, at least 10,000 cells were 
analysed.  
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Figure 4.7. FACS analyses of surface markers in autophagy reporter (mCherry-
EGFP-LC3) hESC-derived monocytic cells. 

a–g, Surface expression of CD14 (a), CD16 (b), CD86 (c), CD11b (d), CD206 (e), 
CD163 (f) and CD45 (g) were measured by FACS in autophagy reporter (mCherry-
EGFP-LC3) hESC-derived monocytic cells. Histograms represent surface staining 
(shaded blue) compared to the isotype control (pink line). X-axis shows antibody 
staining, Y-axis shows cell count. For each sample, at least 10,000 cells were 
analysed.  
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4.3.4. Characterisation of cellular identity and functionality of hESC-derived 

macrophages 

Following the characterisation of wild-type and autophagy reporter hESC-derived 

monocytic cells, macrophages were generated and analysed for their cellular identity 

and functionality. First, the wild-type macrophages were characterised by FACS. 

Positive CD11b staining was detected in a percentage of wild-type macrophages, 

while the staining with CD206 and CD68 was identical with the isotype control (Figures 

4.8a-c). These cells were not positive for CD68 as reported in literature in primary 

macrophages (Figure 4.8c). However, immunofluorescence analysis showed CD86 

staining in the wild-type macrophages in unstimulated state (Figure 4.8d; left panel). 

CD86 is also a marker for macrophages and is expressed in antigen-presenting cells 

(Hughes et al., 2016; Gordon et al., 2014). Moreover, CD206 is not highly expressed 

in unstimulated macrophages (Gordon et al., 2014). 

Functional characterisation was carried out by exposing these macrophages to 

inflammatory stimulus, such as interferon gamma (IFNγ). IFNγ is a cytokine, which 

falls into the category of an immune interferon, is produced by human lymphocytes 

when challenged with viral and bacterial infections (Shtrichman and Samuel, 2001). 

Immunofluorescence analysis after treatment with IFNγ (100 ng/mL for 24 h) showed 

that the wild-type hESC-derived macrophages expressed IBA1 (Figure 4.8d; right 

panel), which is a protein present in circulating macrophages when presented with 

inflammatory stimulus and microglia (Kanazawa et al., 2002). To further evaluate the 

inflammatory response, wild-type macrophages were treated with lipopolysaccharide 

(LPS). LPS resides on the outer membrane of gram-negative bacteria and serves as 

an inflammatory trigger (Chandler and Ernst, 2017). After LPS treatment for 24 h, the 

supernatant was collected for detecting the levels of cytokine secretion, such as IL-10, 

via enzyme-linked immunosorbent assay (ELISA). Wild-type macrophages stimulated 

with 20 or 40 ng/mL of LPS produced a gradually increasing amount of IL-10 in a dose-

dependent manner (Figure 4.8e).  

Next, the expression of surface markers in mCherry-EGFP-LC3 hESC-derived 

macrophages was evaluated by FACS. The autophagy reporter macrophages 

expressed CD86, CD11b, CD206 and CD45 (Figures 4.9c-e,g). CD45 expression was 

very strong and CD86 expression was higher in mCherry-EGFP-LC3 hESC-derived 
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macrophages than monocytes (Figures 4.7c,g and 4.9c,g), implying that the analysed 

cells had macrophage characteristics. However, very low expression of CD14 was 

detected, while the expression of CD16 and CD163 was non-detectable (Figures 

4.9a,b,f). Notably, the expression of CD14 is usually more profound in primary 

monocytes than in primary macrophages (Gordon et al., 2014), which is what was also 

observed in the autophagy reporter hESC-derived cell-types (Figures 4.7a and 4.9a). 

Overall, the expression levels of these surface markers confirm the cellular identity of 

autophagy reporter macrophages; which also implicates that the integration of the 

autophagy reporter construct in hESCs did not interfere with their differentiation ability. 

Furthermore, CD86 staining was confirmed in these macrophages in an unstimulated 

state by immunofluorescence analysis (Figure 4.10a). Treatment of autophagy 

reporter macrophages with inflammatory stimulus like IFNγ (100 ng/mL for 24 h) 

caused expression of IBA1, which was detected by immunofluorescence analysis 

(Figure 4.10b). Interestingly, in contrast to the unstimulated cells stained for CD86, the 

stimulated macrophages positive for IBA1 appeared to be morphologically ‘inflamed’ 

(Figures 4.10a,b).  

Further functional characterisation of the autophagy reporter macrophages was done 

by evaluating phagocytosis, i.e., the ability of macrophages to phagocytose external 

materials such as pathogens or cellular debris (Hirayama, Iida and Nakase, 2017). 

Phagocytosis assay was performed utilising necrotic Jurkat cells that were labelled 

with CellTracker Blue.  The autophagy reporter macrophages were stimulated with 

100 ng/mL IFNγ for 24 h prior to the exposure of necrotic Jurkat cells. The 

macrophages were labelled with DeepRed Cell Mask to contour the cytoplasm. The 

images of untreated and IFNγ-treated cells were acquired using the CellInsight CX5 

High-Content Screening microscope, and pseudo colour was applied for visualisation. 

The necrotic Jurkat cells that were phagocytosed by macrophages and the ones that 

were not phagocytosed were indicated by respective colour-coded arrows (Figure 

4.10c). As evident from the images, phagocytosis of necrotic cells was substantially 

more in IFNγ-treated activated macrophages (Figure 4.10c, pink arrows), indicating 

the functionality of hESC-derived macrophages. 

Although the data presented here suggest successful generation of monocytic cells 

and macrophages from hESCs, further characterisation could be done in future for 

demonstrating their functional properties. 
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Attempts to analyse the TF-LC3 macrophages with regards to their ability to display 

the expected chages in mCherry+/EGFP+ (autophagosomes) and mCherry+/EGFP– 

(autolysosomes) puncta when treated with appropriate autophagy modulators were 

made. Cells were treated with Bafilomycin A1 (an autophagy blocker), Rapamycin (an 

mTOR dependent autophagy enhancer) and Trehalose (an mTOR independent 

autophagy enhancer). Both the autophagy enhancers have been reported to activate 

autophagy in human macrophages (Sharma et al., 2020). The reporter cell line 

behaved as expected with Bafilomycin A1 by increasing the amount of 

mCherry+/EGFP+ puncta only, while the autophagy inducers increased both the 

mCherry+/EGFP+ and the mCherry+/EGFP– puncta (as observed via fluorescence 

microscope; data not shown). The image acquisition and analysis was scheduled to 

take place with CellInsight CX5 high-content screening microscope, because the cells 

were plated in 96-well plates. Unfortunatly, due to technical issues with the 

microscope, this was not possible and thus no data were collected. 
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Figure 4.8. Characterisation of wild-type hESC-derived macrophages.  

a–c, Surface expression of CD206 (a), CD11b (b) and CD68 (c) were measured by 
FACS in wild-type (parental WIBR3) hESC-derived macrophages. Histograms 
represent surface staining (shaded blue) compared to the isotype control (pink line). 
X-axis shows antibody staining, Y-axis shows cell count. For each sample, at least 
10,000 cells were analysed.  

d, Immunofluorescence analyses with anti-CD86 and anti-IBA1 antibodies in wild-type 
hESC-derived macrophages, either unstimulated or stimulated with 100 ng/mL IFNγ 
for 24 h as indicated. 

e, Analysis of IL-10 cytokine secretion by enzyme-linked immunosorbent assay 
(ELISA) in wild-type hESC-derived macrophages after treatment with 20 or 40 ng/mL 
of lipopolysaccharide (LPS) for 24 h. 

Representative images (d) and graphical data (e) are shown from 1 experiment. 
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Figure 4.9. FACS analyses of surface markers in autophagy reporter (mCherry-
EGFP-LC3) hESC-derived monocytic cells. 

a–g, Surface expression of CD14 (a), CD16 (b), CD86 (c), CD11b (d), CD206 (e), 
CD163 (f) and CD45 (g) were measured by FACS in autophagy reporter (mCherry-
EGFP-LC3) hESC-derived macrophages. Histograms represent surface staining 
(shaded blue) compared to the isotype control (pink line). X-axis shows antibody 
staining, Y-axis shows cell count. For each sample, at least 10,000 cells were 
analysed.  
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Figure 4.10. Functional characterisation of autophagy reporter hESC-derived 
macrophages. 

a, Immunofluorescence analyses with anti-CD86 and anti-IBA1 antibodies in mCherry-
EGFP-LC3 hESC-derived macrophages, either untreated or stimulated with 100 
ng/mL IFNγ for 24 h.  

b, mCherry-EGFP-LC3 hESC-derived macrophages, untreated or treated with 100 
ng/mL IFNγ for 24 h, were exposed to necrotic Jurkat cells. The Jurkat cells and the 
macrophages were labelled with CellTracker Blue and DeepRed Cell Mask, 
respectively. Images were acquired using CellInsight CX5 High-Content Screening 
microscope, and pseudo colour was applied to visualise the phagocytosed (pink) and 
non-phagocytosed (light blue) necrotic Jurkat cells; indicated by respective colour-
coded arrows. 

Representative images are shown from one of 2 (a) or 1 (b) independent experiments. 
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4.4. Chapter summary 

The goals of this chapter were to characterise autophagy reporter hESCs, and then to 

differentiate them for generating autophagy reporter macrophages. Initially, the 

mCherry-EGFP-LC3 hESCs, which were generated by Sarkar and colleagues, were 

confirmed for their pluripotency property. Thereafter, these autophagy reporter hESCs 

were first differentiated into monocytic cells and then to macrophages via defined 

culture conditions. The differentiation protocol, which has been previously published, 

was modified for better attachment and production of monocytic cells and 

macrophages. This method was tested for the differentiation of both wild-type (parental 

WIBR3) and autophagy reporter hESCs into human macrophages. All the hESC-

derived cell-types were analysed for the expression of their surface markers, as well 

as examining some of the functional properties of the macrophages. The data 

demonstrate generation of monocytic cells and macrophages from hESCs, and that 

genome engineering in hESCs for stably incorporating the autophagy reporter in the 

genome did not affect their differentiation potential. Further analysis could be done in 

future for their molecular and functional characteristics.  

The autophagy reporter human macrophage platform could be utilised for drug 

screening for identifying potent or tissue-specific autophagy modulators; which has 

been planned for future work in the laboratory of Dr Sovan Sarkar. The autophagy-

inducing compounds stimulating macrophage autophagy could be utilised as 

candidate drugs for enhancing xenophagy and the killing of pathogens, and could be 

used as an adjunctive therapy in infectious diseases like tuberculosis as a host-

directed therapy. The aspects related to pathogen biology will be undertaken in the 

future in collaboration with Dr Dhiraj Kumar at the International Centre for Genetic 

Engineering and Biotechnology in New Delhi, India. 
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Chapter 5: Discussions  

5.1. Summary and significance of principal findings 

5.1.1. Establishment of human embryonic stem cell (hESC) models of autophagy 

deficiency and autophagy reporter 

In the scope of this thesis, isogenic human cellular platforms of autophagy deficiency 

(ATG5–/–) and autophagy reporter (mCherry-EGFP-LC3) using hESC models were 

established and characterised. The autophagy-deficient hESCs were differentiated 

into neural precursors and neurons (in Chapters 2 and 3), while the autophagy reporter 

hESCs were differentiated into monocytic cells and macrophages (in Chapter 4). All 

the hESC-derived cell-types were further characterised for their cellular properties and 

autophagy phenotypes.  

There are several advantages of hESC-based models to study autophagy. Firstly, 

hESCs are one of the most physiologically-relevant cell-types that can be subjected 

to genome editing (Soldner and Jaenisch, 2018; Byrne et al., 2014), as well as 

undergoing self-renewal and differentiation into the desired human cell-types that are 

otherwise not accessible or difficult to obtain (Thomson, 1998; Murry and Keller, 2008). 

hESCs are considered more relevant to undertaking research relevant to human 

biology, in comparison to immortalised cell lines or non-human cells (Keller, 2005). 

Moreover, primary cells are largely refractory to genome editing, and thus the hESC-

derived cell-types that recapitulate many features of the corresponding primary cells 

provide a relevant experimental platform (Murry and Keller, 2008; Keller, 2005). 

Furthermore, the use of hESCs is more preferable than hiPSCs, because the latter 

could carry epigenetic alterations and background variations that may contribute to 

phenotypic cell-to-cell alterations (Soldner and Jaenisch, 2018). Secondly, both the 

autophagy-deficient and autophagy reporter hESC-based systems were generated 

from the same parental hESCs (WIBR3 hESCs) by genome engineering; thus making 

them isogenic with identical genetic background, except for the respective genes that 

were edited. Therefore, these systems can be employed for studying human cell-

specific biological effects and drug discovery, and also makes them a powerful tool set 

for drug screening and validation for identifying novel small molecule autophagy 

modulators.  
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The hESC-based cellular platforms may also serve as a preclinical model for testing 

the efficacy of autophagy inducers before proceeding to clinical trials (Deb and Sarda, 

2008; Guhr et al., 2018). For instance, the autophagy reporter human macrophage 

platform generated from hESCs will be utilised for drug screening with 

chemogenomics (drugs with known cellular targets) and marketed drug (FDA-

approved drugs) libraries to identify the potent and/or cell-specific modulators of 

autophagy in this major immune cell-type. The candidate drugs augmenting 

macrophage autophagy will have therapeutic relevance for combating infections by 

promoting pathogen clearance (Kimmey and Stallings, 2016; Rubinsztein et al., 2015).  

Similar research paradigm can be undertaken for other disease-relevant human cell-

types that will have implications in diverse human diseases where stimulation of 

autophagy is beneficial (Rubinsztein et al., 2012; Galluzzi et al., 2017). There is a 

plethora of published protocols available for the differentiation of hESCs and hiPSCs 

into human cell-types of all the three germ layers. For instance, there are well-defined 

differentiation protocols describing the derivation of neurons (Chambers et al., 2009; 

Qi et al., 2017), hepatocytes (Touboul et al., 2009; Hay et al., 2008), pancreatic cells 

(D'Amour et al., 2006; Kroon et al., 2008), cardiomyocytes (Mummery et al., 2003; 

Kehat et al., 2001), amongst many others. Utilising the autophagy reporter hESC 

model, these cell-types can be generated with autophagy readout for image-based 

drug screening purposes. In a nutshell, the hESC models of autophagy are expected 

to have broad applications, and are not yet reported in the field. 

5.1.2. Elucidation of a mechanistic link between autophagy deficiency and cell 

death using autophagy-deficient hESC model 

Utilising the genetic hESC model of autophagy deficiency, the causal link between 

loss of autophagy and cytotoxicity was studied. Emphasis was given on the role of 

autophagy in maintaining neuronal homeostasis, given the major implications of 

autophagy dysfunction in contributing to the pathology of several neurodegenerative 

diseases (Seranova et al., 2020; Menzies et al., 2017; Nixon, 2013). ATG5–/– hESCs 

and hESC-derived neural precursors and neurons exhibited increased cell death, 

compared to their corresponding control (ATG5+/+) cell-types, at basal state without 

the application of any external stressors. The neurotoxicity in ATG5–/– human neurons 

reinforces the notion that dysfunctional autophagy underlying neurodegenerative 



129 
 

disorders contributes to the disease pathology. The cell death phenotype in ATG5–/– 

cells is in agreement with the existing in vivo data wherein tissue-specific knockout of 

essential autophagy genes in normal mouse caused degeneration and/or dysfunction 

of the affected organs, such as brain (Hara et al., 2006; Komatsu et al., 2006), liver 

(Komatsu et al., 2007), muscle (Masiero et al., 2009) and heart (Nakai et al., 2007).  

However, how loss or dysfunction of autophagy mediates cytotoxicity is not clear. By 

using metabolic profiling and biochemical approaches, a specific metabolic defect was 

identified to be causative of increased basal cell death in autophagy-deficient cells. 

Specifically, depletion of NADH was found to mediate cytotoxicity during autophagy 

deficiency via mitochondrial depolarisation and elevation in ROS. Boosting cellular 

NADH levels improved cell viability and mitochondrial membrane potential in ATG5–/– 

neurons. This intervention was also cytoprotective in a hiPSC-based model of NPC1 

disease, which has been previously shown to be associated with autophagy and 

mitochondrial dysfunction (Maetzel, Sarkar et al., 2014; Ordonez et al., 2012). These 

findings elucidate a mechanistic link between autophagy deficiency and cytotoxicity 

that could be targeted for therapeutic interventions. This study also demonstrate proof-

of-principle translation of the fundamental biology uncovered from a genetic model to 

imparting beneficial effects of biomedical relevance in a disease model.  

5.2. Biomedical implications 

Autophagy is implicated in diverse human pathological conditions including 

neurodegeneration and infection (Rubinsztein et al., 2015; Seranova et al., 2020; 

Levine and Deretic, 2007; Sharma et al., 2018). The output including the scientific data 

and knowledge, and the research tools, generated through this work has potential 

biomedical relevance for the treatment of human diseases. 

5.2.1. Implications of NADH boosting compounds in neurodegenerative 

diseases associated with dysfunctional autophagy (related to Chapters 2 and 3) 

Autophagy is critical for maintaining cellular homeostasis in post-mitotic cells like 

neurons (Stavoe and Holzbaur, 2019), whereas improper functioning of this process 

contributes to neuronal cell death (Menzies et al., 2014; Nixon, 2013). Genetic studies 

in mouse models demonstrated that brain-specific abrogation of basal autophagy 

causes neurodegeneration (Hara et al., 2006; Komatsu et al., 2006), implying that 
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basal autophagy is essential for neuronal homeostasis. Indeed, dysregulation of 

autophagy has been reported in myriad diseases including neurodegenerative and 

lysosomal storage disorders, where defective autophagy is implicated in disease 

pathology (Menzies et al., 2017; Nixon, 2013; Seranova et al., 2020; Seranova et al., 

2017; Palhegyi et al., 2019; Sarkar, 2013). Of biomedical relevance, pharmacological 

induction of autophagy has beneficial effects in rescuing the disease pathology in 

transgenic models of a number of neurodegenerative disorders (Seranova et al., 2020; 

Sarkar, 2013; Levine et al., 2015; Boland et al., 2018; Rubinsztein et al., 2012). 

However, this therapeutic intervention relies on functional lysosomes so that 

autophagic flux could be restored by autophagy activation. Therefore, the autophagy 

induction strategy might not be effective in the context of certain neurodegenerative 

and lysosomal storage diseases if the functionality of lysosomes is compromised or 

due to the diverse nature of autophagy defects at multiple stages of the pathway 

(Seranova et al., 2020; Seranova et al., 2017). 

Apart from diminished autophagic activity, ageing and neurodegenerative diseases 

are associated with lower NAD+ levels (Lautrup et al., 2019; Hansen et al., 2018; 

Verdin, 2015). In these pathological contexts, supplementation with NAD+ precursors 

is beneficial in animal and hiPSC models (Verdin, 2015; Schöndorf et al., 2018; Fang 

et al., 2017). The results from this study provided a new mechanistic link between loss 

of autophagy and cytotoxicity, mediated via NADH depletion, and also explained how 

pharmacologically boosting NAD+/NADH levels can be neuroprotective in human 

neurons with autophagy deficiency or dysfunction. This approach was also found to 

be cytoprotective in a clinically-relevant model, such as NPC1 patient-derived neurons 

associated with defective autophagy. This intervention could have therapeutic 

relevance in a range of age-related, degenerative or lysosomal storage diseases 

linked to autophagy dysfunction (Seranova et al., 2020; Palhegyi et al., 2019; 

Seranova et al., 2017; Sarkar, 2013; Menzies et al., 2017; Nixon, 2013), where 

autophagy induction strategy might not be effective if lysosomal function is impaired. 

On the other hand, in the disease contexts where autophagy induction is beneficial, 

NADH-boosting agents could be used in addition to autophagy-inducing drugs for 

establishing a combinatorial treatment strategy. 
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5.2.2. Implications of autophagy reporter macrophage platforms for drug 

discovery for infectious diseases (related to Chapter 4) 

Besides this essential role in maintaining cellular homeostasis, autophagy also 

contributes to innate defence mechanism by clearing invading pathogens within 

infected cells; a process termed xenophagy (Levine and Deretic, 2007; Deretic et al., 

2013). In many infectious diseases, immune cells called macrophages provide the first 

line of defence against invading pathogens including bacteria and viruses (Stafford et 

al., 2002; Weiss and Schaible, 2015). However, these pathogens could manipulate 

host cell autophagy to evade their killing (Deretic et al., 2013; Sharma et al., 2018). 

Contrarily, multiple studies demonstrated that autophagy activation enhances 

pathogen clearance and killing; thus presenting a unique opportunity to combat 

infection (Kimmey and Stallings, 2016; Rubinsztein et al., 2015; Rubinsztein et al., 

2012; Panda et al., 2019). This is pertinent for tuberculosis (TB), where stimulating 

autophagy facilitates clearance of the causative pathogen, Mycobacterium 

tuberculosis (Mtb) (Kim et al., 2019; Deretic, 2014). Since antibiotic resistance poses 

a major challenge for multi-drug resistant TB (Singh et al., 2019; Günther, 2014), host-

directed mechanisms like autophagy are an attractive treatment alternative (Kim et al., 

2019; Deretic, 2014). However, no treatment has been implemented by targeting 

autophagy, primarily due to lack of clinically-relevant human data. While the ability of 

some autophagy inducers to promote xenophagy is shown using immortalised, non-

human or non-immune cells, their efficacy and drug action could be cell-type-specific 

(Rubinsztein et al., 2015; Panda et al., 2019; Seranova et al., 2020). Thus, the key 

barrier to translation is lack of known potent autophagy inducers in physiologically-

relevant human macrophages, and therefore, there is an urgent need to identify such 

cell-type-specific drugs that will provide new host-directed treatment strategy against 

multi-drug-resistant Mtb. 

This study has established autophagy reporter hESCs and hESC-derived human 

macrophage platforms. These in vitro generated macrophages recapitulated many 

features of primary macrophages, and thus present a physiologically-relevant 

experimental system for drug screening of xenophagy modulators. Moreover, the 

selectivity of autophagy in executing xenophagy without affecting the overall 

autophagic flux in host cells brings on the necessity to study potential fine-tuning 

mechanisms that can be deployed against a range of invading pathogens such as Mtb, 
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Salmonella and HIV, amongst others (Sharma et al., 2018; Chandra and Kumar, 

2016). Furthermore, the autophagy reporter hESC-based system presents broad 

opportunities for making relevant human cell-types like neurons and hepatocytes for 

drug discovery programs in neurodegenerative or liver diseases associated with 

autophagy dysfunction (Rubinsztein et al., 2012; Galluzzi et al., 2017; Ueno and 

Komatsu, 2017; Sarkar, 2013). 

5.3. Study limitations 

5.3.1. Study limitations related to hESC-derived autophagy-deficient cellular 

platforms (related to Chapter 2) 

One potential caveat is that the hESC- or hiPSC-derived human neurons are 

generated via in vitro differentiation, and thus are not the actual primary neurons. 

However, analyses of gene expression and functional properties including network 

formation demonstrated that these hPSC-derived neurons could resemble the 

characteristics of primary neurons, and that extended neuronal differentiation mimics 

human neural development (Nicholas et al., 2013; Hyvärinen et al., 2019; Weick, 2016; 

Kirwan et al., 2015). In general, multiple studies have validated the utility of hPSC-

derived human neuronal platforms for studies related to neural development, disease 

modelling and drug screening in a manner relevant to human biology; thus providing 

a powerful tool for studying human neurodevelopment and neurodegeneration.  

Another potential caveat include the possibility that autophagy deficiency would affect 

neuronal differentiation. However, this did not seem to be the case because autophagy 

deficient neurons could be generated from ATG5–/– hESCs. Although functional 

characterisation, such as measuring action potential of these neurons via long-term 

differentiation, was not undertaken, it seemed that short-term differentiation generated 

ATG5–/– neurons expressing the neuronal markers. Moreover, this work was done 

utilising two-dimensional culture conditions, and not in three-dimensional structure or 

in co-culture with other glial cells that recapitulates multiple aspects of the brain tissue 

(D’Aiuto et al., 2018; Frega et al., 2014; Roqué and Costa, 2017; Krencik et al., 2017). 

Nonetheless, the aim of this work was to generate autophagy-deficient human neurons 

as an in vitro experimental platform to study the role of autophagy in neuronal 

homeostasis and how loss of autophagy contributes to neurodegeneration. 
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In vitro differentiation of hPSCs usually generate up to 95% near-homogenous cell 

population of the desired cell-type (Saha and Jaenisch, 2009). To take this into 

account, many experiments were done by immunostaining the hPSC-derived cell-

types, such as neural precursors, neurons, monocytic cells and macrophages, with 

lineage-specific markers to confirm their cellular identity. Furthermore, neuronal 

differentiation of multiple hESC lines often leads to variability of cell density of the 

neurons generated. Thus, it was important to normalise the experimental data to that 

of the cell number or loading control. 

5.3.2. Study limitations related to the mechanistic link between autophagy 

deficiency and cell death (related to Chapter 3) 

A mechanistic link between autophagy deficiency and cell death has been suggested 

due to a specific metabolic defect arising via NADH depletion, which results in 

mitochondrial depolarisation and oxidative stress to mediate cytotoxicity. Initially, 

unbiased metabolomics analyses revealed differential perturbations in ATG5–/– hESCs 

versus hESC-derived neurons. Although there were significant changes in glycolysis 

and TCA cycle intermediates, detailed analyses of these metabolic pathways were not 

performed due insufficient time, and will be considered to be undertaken in the future. 

Furthermore, apart from NADH, it is possible that there could also be other metabolites 

or amino acids contributing towards the cytotoxicity arising due to autophagy 

deficiency. Importantly, it is not mechanistically elucidated how loss of autophagy 

causes depletion of NADH. Moreover, although boosting NAD/NADH levels via 

pharmacological agents rescued the cell death in ATG5–/– hESCs and hESC-derived 

neurons, whether supplementation of other metabolites, nucleotides or amino acids 

will improve cellular viability was not examined. These aspects are pertinent to 

additionally understand how autophagy deficiency leads to cellular toxicity, and will be 

investigated in future follow-up studies.  

Another aspect that requires further attention is the analysis of mitochondrial function. 

Firstly, it was difficult to measure mitochondrial respiration in hESC-derived neurons 

via Seahorse analysis due to technical limitations in differentiating and culturing the 

neuronal cells in speciality plates. Secondly, besides the measurement of 

mitochondrial ΔΨm, in-depth analyses of mitochondrial function including the activity 

of different ETC complexes were not done in ATG5–/– hESC-derived neurons. Similar 
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analyses could be done in NPC1 hiPSC-derived neurons, although mitochondrial 

defects have been reported in hESC-derived neurons with NPC1 knockdown and in 

Npc1 mutant mouse brain (Ordonez et al., 2012; Yu et al., 2005). Furthermore, 

additional dyes could have been utilised to measure mitochondrial ΔΨm and ROS 

production (Dikalov and Harrison, 2014). For example, since the H2DCF-DA probe 

used for measuring ROS is known to be oxidised by nanomolar concentrations of 

cytochrome c (Burkitt and Wardman, 2001), ROS production could be confirmed by 

HPLC-based method for detecting the oxidation of hydroethidine (Zielonka et al., 

2019).  

5.3.3. Study limitations related to hESC-derived autophagy reporter cellular 

platforms (related to Chapter 4) 

There are few limitations related to the establishment of autophagy reporter cellular 

platforms in human macrophages differentiated from hESCs stably expressing 

mCherry-EGFP-LC3. The hESC-derived macrophages are not primary macrophages 

derived from human blood; rather, the former are in vitro derived cells. Nonetheless, 

the hESC- and hiPSC-derived macrophages expressed most of the surface markers, 

and also exhibited some of the physiological functions like phagocytosis and cytokine 

secretion (Gordon and Plüddemann, 2017). Even though there might be some 

differences in the expression of CD14, CD68 and CD163 in hPSC-derived 

macrophages, a number of studies have demonstrated that these cells largely 

recapitulate the surface marker expression profile and functional properties of primary 

macrophages (Karlsson et al., 2008; Wilgenburg et al., 2013; Härtlova et al., 2018; 

Lachmann et al., 2015).  

It is important to consider that genome editing was possible in hESCs for generating 

the autophagy reporter human macrophages, which would have been difficult in 

primary macrophages because they are normally refractory to transfection (Warwick 

and Usachev, 2017). However, similar to the autophagy-deficient hESCs, there was a 

potential concern whether gene editing for inserting the mCherry-EGFP-LC3 construct 

in the AAVS1 locus will affect the differentiation potential of hESCs into macrophages. 

Although there was a small but significant reduction in the expression of some of the 

pluripotency genes in autophagy reporter hESCs, their differentiation potential did not 

seem to be overtly affected because they could undergo differentiation into 
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macrophages via monocytic cells. During the differentiation process, there were some 

technical challenges that were successfully mitigated, such as those related to the 

production of similar-sized embryoid bodies, efficient generation of monocytic 

‘factories’, and the differentiation of monocytic cells into macrophages in 96-well 

microplates for drug screening. 

5.4. Future work 

5.4.1. Further work for studying the role of autophagy in cell death (related to 

Chapters 2 and 3) 

Employing the genetic hESC model of autophagy deficiency established through this 

work, the role of autophagy in cellular homeostasis was studied. Particularly, how loss 

of autophagy mediates cytotoxicity was elucidated, which was found to be via NADH 

depletion culminating in mitochondrial dysfunction and oxidative stress. The data 

opens up a new direction of research related to the role of autophagy in governing 

metabolic homeostasis, perturbation of which reduces cellular survival. There are a 

number of aspects in this study that could be further investigated in the future.  

An unbiased metabolic profiling in this study revealed differential perturbations of 

glycolysis and TCA cycle metabolites, nucleotides and amino acids in ATG5–/– hESCs 

versus ATG5–/– hESC-derived neurons. This is possibly due to the cell-specific energy 

requirements of dividing hESCs and post-mitotic neurons. To further explore the data 

arising from metabolomics analysis, more experimental procedures could shed light 

into the metabolic status in these cells. The alterations in metabolites seen in the 

metabolomics data could be explained either by changes in its synthesis and/or 

utilisation. Thus, it is crucial to dissect why and how various metabolites are 

downregulated, and how this relates to increased cell death in autophagy-deficient 

cells. Although the respective starting molecules of glycolysis and TCA cycle, which 

are glucose and acetyl CoA, were decreased in ATG5–/– hESCs and neurons 

compared to the corresponding control (ATG5+/+) cells, however, ATP was increased 

in ATG5–/– hESCs but decreased in ATG5–/– neurons. In-depth analysis of metabolic 

flux through these pathways should be undertaken in the future in autophagy-deficient 

cell-types via nuclear magnetic resonance (NMR) and mass spectrometry (MS)-based 

methods using stable isotope tracers (Allen and Young, 2020; Antoniewicz, 2015). The 

rate of glycolysis could also be simply measured by the amount of glucose uptake 
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versus lactate production. Additionally, the enzymes involved in the metabolic 

pathways affected could be analysed for their gene expression, protein level and 

enzymatic activity. Furthermore, since some of the nucleotides were perturbed in 

autophagy-deficient cells, the status of de novo and salvage pathways for nucleotide 

synthesis needs to be analysed in future (Fasullo and Endres, 2015; Mádrová et al., 

2018). 

Specifically in autophagy-deficient neurons, there seems to be metabolic collapse. 

Apart from various metabolites and energy carriers such as ATP, ADP, NAD+ and 

NADH being significantly reduced in ATG5–/– neurons, the majority of the 

proteinogenic amino acids were also significantly decreased. This could also 

contribute to the cytotoxic effects arising from autophagy deficiency. For instance, 

reduction of NAD+ in ATG5–/– neurons was possibly due to shortage of substrates like 

the essential amino acid, L-Tryptophan, which is required for its de novo synthesis 

(Verdin, 2015; Lautrup et al., 2019). It would be interesting to evaluate whether the 

supplementation of amino acids, such as L-Tryptophan or other amino acids that are 

depleted, would rescue the cell death phenotype in ATG5–/– neurons. Evaluating the 

effects by which an intervention is affecting the phenotype could clarify the importance 

of specific metabolic perturbations in autophagy-deficient cells. 

Mitochondrial dysfunction is an important contributor to neurodegeneration (Burté, 

Carelli, Chinnery and Yu-Wai-Man, 2014; Bertholet et al., 2016), and this phenomenon 

in autophagy-deficient cells needs to be analysed in greater details. Firstly, 

mitochondrial respiration could be analysed by measuring oxygen consumption rates 

via Seahorse analysis in ATG5–/– hESCs and hESC-derived neurons (Eisner et al., 

2018; Brand and Nicholls, 2011). These experiments should also be performed after 

the treatment with NADH-boosting agents in order to assess whether mitochondrial 

respiration is restored. Secondly, the measurement of mitochondrial ΔΨm and ROS 

production could be analysed by additional dyes and methodologies (Dikalov and 

Harrison, 2014). In addition, the levels of SOD1 and SOD2 (superoxide dismutase 1 

and 2) that converts the damaging superoxide radicals into hydrogen peroxide and 

molecular oxygen (Sea et al., 2014; Pias et al., 2003) should be evaluated to clarify 

their role in the cytotoxicity in ATG5–/– cells. Moreover, abrogation of autophagy by 

ATG5 knockout likely prevented selective autophagy, which is normally dependent on 

cargo receptors and their ability to attach to a LIR motif during the autophagosome 
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formation. Indeed, mitophagy was found to be impaired in ATG5–/– neurons. Further 

investigation of various biomarkers related to mitophagy and mitochondrial 

homeostasis should be carried out.  This would include mitochondrial fission and 

fusion. These events could be analysed through the levels of DRP1 (dynamin-related 

protein 1) and FIS1 (mitochondrial fission 1 protein) regulating mitochondrial fission, 

and OPA1 (dynamin-like 120 kDa protein) and Mitofusins regulating mitochondrial 

fusion (Scott and Youle, 2010; Westermann, 2010). Alterations in intracellular 

mitochondrial load due to impaired mitophagy in ATG5–/– cells could also be confirmed 

by measuring mitochondrial DNA copy number (Longchamps et al., 2020; O'Hara et 

al., 2019).  

Detailed analysis of mitophagy and mitochondrial dysfunction could also be done in 

NPC1 patient hiPSC-derived neurons, although mitochondrial defects have been 

already reported in hESC-derived neurons with NPC1 knockdown and in Npc1 mutant 

mouse brain (Ordonez et al., 2012; Yu et al., 2005). Importantly, it is necessary to 

confirm that NADH is reduced in NPC1 hiPSC-derived neurons, and that the NADH-

boosting compounds could rescue NADH levels and mitochondrial depolarisation for 

improving cell viability. Such data would strengthen the hypothesis that NADH 

depletion in neurodegenerative diseases associated with autophagy dysfunction is a 

critical determinant of neuronal cell death. Indeed, NADH levels were found to be 

reduced in 2 biological replicates (n = 2) of NPC1 patient hiPSC-derived neurons, 

compared to healthy control hiPSC-derived neurons (data not shown); however, this 

result needs to be confirmed in more biological replicates to obtain statistical 

relevance.  

An important topic that warrants in-depth investigation is how NADH is depleted during 

autophagy deficiency. Unbiased multi-omics approaches, such as proteomics and 

transcriptomics, could be undertaken in ATG5–/– cells to identify any specific changes 

leading to NADH depletion. These cells could be also subjected to metabolomics after 

treatment with the NAD+/NADH-boosting agents in order to confirm that restoration of 

NADH levels is a common denominator underlying their cytoprotective effects. Further 

confirmation of a role of NADH depletion causing cytotoxicity could be shown by using 

an inhibitor of nicotinamide phosphoribosyltransferase (NAMPT), which is involved in 

NAD biosynthesis (Hasmann and Schemainda, 2003). Apart from the shortage of L-

Tryptophan in ATG5–/– neurons required for de novo NAD synthesis discussed above 
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(Verdin, 2015; Lautrup et al., 2019), further investigation is necessary to understand 

the role of enzymes that use NAD+ as a cofactor and cleave it into ADP-ribose and 

nicotinamide (NAM) (Cantó et al., 2015); all of which will lead to depletion of NADH. 

Two main classes of such enzymes are sirtuins (SIRTs) and poly-ADP-ribose 

polymerases (PARPs), which are activated due to oxidative stress or DNA damage 

that could occur during autophagy deficiency (Hewitt and Korolchuk, 2017; Filomeni 

et al., 2014). While short-term activation of SIRTs and PARPs during stress response 

is beneficial for adaptation to metabolic or genetic abnormalities, uncontrolled NAD+ 

cleavage could lead to depletion of NADH and contribute to cytotoxicity (Cantó et al., 

2015). Furthermore, there is extensive literature that modulation of NAD+ promotes 

longevity and healthy life span via regulation of sirtuins (Imai, 2009; Verdin, 2015; Imai 

and Guarente, 2016; Imai and Guarente, 2014). Therefore, it is important to assess 

any perturbations in the levels and activities of SIRTs and PARPs in ATG5–/– cells, 

and whether these changes are restored after boosting NAD+/NADH levels via 

supplementation with NAM and nicotinamide riboside (NR).  

Specifically, the enzymes SIRT1, PARP1 and PARP2 are competing for NAD+. In the 

event of DNA damage, activation of PARP1 decreased the availability of NAD+ for 

SIRT1 (Luna et al., 2013; Chung and Joe, 2014). PARP1 was also found to be 

increased by elevated ROS levels in neurons (Martire et al., 2013). On the other hand, 

SIRT1 was increased in PARP2 mutant mice (Bai et al., 2011), and NAD+-dependent 

activation of SIRT3 prevented cell death (Brown et al., 2014). The anti-oxidant effects 

of SIRT3 could be attributed to its ability to activate SOD2 amongst other mechanisms. 

As SIRT3 is an NAD-dependent deacetylase located in the mitochondrial matrix, its 

levels should be assessed to interpret the calibration of NADH pools in ATG5–/– 

neurons. Moreover, PARPs may suppress sirtuin activity and SIRT1 regulates PGC-

1α, a transcription factor that activates mitochondrial biogenesis (Rodgers et al., 

2005). A further analysis of this elegant interplay between sirtuins and PARPs can 

clarify their role in depleting the NADH pools in autophagy-deficient cellular platforms. 

Taking all of these into consideration, the analysis of SIRT1, SIRT3, PARP1 and 

PARP2 in ATG5–/– cells would uncover up the mechanistic links between these 

molecular players.  

The anabolic and catabolic effects of autophagy deficiency on NAD metabolism, and 

mRNA expression of the enzymes and their activity of some key rate-limiting steps 
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would provide more information of the physiological processes involved in the interplay 

of autophagy and NADH levels. It is noteworthy that changes in NAD+ levels may be 

caused by both changes in its synthesis through de novo and/or salvage pathways, or 

by its degradation by various NADases (NAD+ nucleosidase) such as CD38, PARPs 

and sirtuins (Bai et al., 2011; Bai and Cantó, 2012; Aksoy et al., 2006; Imai and 

Guarente, 2014). These aspects could be investigated in ATG5–/– cells along with the 

‘rescue’ condition after boosting NAD+/NADH levels with NAM and NR.  

For biomedical applications, it is important to ascertain that the discoveries made in 

genetic models of autophagy deficiency are corroborated in neurodegenerative 

disease models associated with autophagy dysfunction. NPC1 disease model has 

been utilised in this study (Maetzel, Sarkar et al., 2014), where NADH-boosting agents 

improved cell viability. In future, depletion of NADH and improvement of cell viability 

by boosting NADH could be studied in multiple early-onset and late-onset 

neurodegenerative conditions. This would demonstrate the generalisability of the 

fundamental mechanism and biomedical relevance across several diseases wherein 

defective autophagy is a common contributor to the disease pathology. For instance, 

such studies could be initially carried out in patient-derived hiPSC models of a rare, 

childhood-onset neurodegenerative disorder called Wolfram syndrome (Barrett and 

Bundey, 1997), since the hiPSC lines are available in the laboratories of Dr. Sovan 

Sarkar and Prof. Timothy Barrett; and their research groups have found impairment of 

autophagy at the level of autophagosome formation in this disease context 

(unpublished data).  

Overall, the outcome of this work has opened up multiple research directions for 

fundamental understanding or biomedical applications. Such a vast amount of work 

as suggested to be undertaken in the future was not feasible within the PhD timeframe, 

specifically because the nature of human stem cell culture work involving the 

generation of neurons is extremely time-consuming. 

5.4.2. Further work for developing and utilising the autophagy reporter cellular 

platforms (related to Chapter 4) 

In this study, autophagy reporter cellular platforms have been established using a 

hESC-based system. The goal was to generate a human macrophage screening 

platform expressing a tandem-fluorescent-tagged autophagy reporter that will be 
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utilised for studying xenophagy and identifying xenophagy modulators. A lot of 

characterisation of the autophagy reporter hESC-derived monocytic cells and 

macrophages has been done in this work. Despite this, further characterisation should 

be carried out to ensure that these in vitro derived cell-types exhibit the characteristics 

and functional properties of human blood-derived primary monocytes and 

macrophages (Wynn et al., 2013; Gordon and Plüddemann, 2017). Firstly, their ability 

to secrete iNOS (inducible nitric oxide synthase) and TNFα (tumor necrosis factor 

alpha) could be measured after an inflammatory stimulus like IFNγ in order to ascertain 

they are capable of chemokine secretion. Next, the levels of IL1, IL6, IL8, IL10, IL12 

and other cytokines could be analysed via ELISA. The secretion of these pro-

inflammatory and anti-inflammatory cytokines signifies an appropriate functionality of 

the macrophages and their proper response to infection (Arango Duque and 

Descoteaux, 2014). Finally, the phagocytic capability of hESC-derived macrophages 

should be evaluated, not only with necrotic Jurkat cells as done in this study, but also 

with various pathogens such as Mtb and Salmonella. These experiments will provide 

more support that the autophagy reporter hESC-derived macrophages are able to 

serve a physiologically-relevant cellular model for studying cell-specific autophagy 

regulation, xenophagy and drug screening. 

The autophagy reporter macrophages would be utilised for drug screening to identify 

potent or cell-specific autophagy inducers, which will then be evaluated for their ability 

to promote pathogen clearance. To prepare for an image-based drug screen, the 

positive and negative controls (that are known autophagy inducers and blockers, 

respectively) should be determined in a dose-dependent manner in 96-well 

microplates using the CellInsight High-Content Screening (HCS) microscope and HCS 

Studio Cell Analysis software. The positive controls will include autophagy inducers 

such as rapamycin (induce autophagy via mTOR inhibition), and trehalose, 

carbamazepine and vitamin D (induce autophagy independently of mTOR); all of 

which are known to induce autophagy in macrophages (Sharma et al., 2020; Campbell 

and Spector, 2011; Schiebler et al., 2014; Gutierrez et al., 2004). The negative controls 

will include autophagy blockers such as bafilomycin A1 and chloroquine (Boya et al., 

2005; Murakami et al., 1998). At least two drug screens could be initially undertaken 

in autophagy reporter hESC-derived macrophages using a chemogenomics drug 

library (comprising of compounds with known cellular targets) and a marketed drug 
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library (consisting of FDA-approved drugs); both of which have been procured from 

Dundee Drug Discovery Unit. The chemogenomics set will inform the regulation of 

autophagy in human macrophages, whereas the marketed drug set will inform about 

the FDA-approved drugs that could be repurposed for treating infectious diseases. 

The high-confidence hits will be characterised by secondary autophagy assays, 

followed by evaluation of their therapeutic efficacy in promoting xenophagy.  

In general, the autophagy reporter hESC-based system will serve as a powerful tool 

to generate isogenic hESC-derived cell-types in order to undertake drug screening in 

a cell-specific manner. The autophagy reporter macrophages could also be utilised for 

xenophagy studies. For example, co-localisation between fluorescent-tagged 

pathogens with the autophagic compartments (autophagosomes and autolysosomes) 

will inform xenophagic flux in real time. In addition, autophagy-deficient macrophages 

could be generated from ATG5–/– hESCs. These platforms will be useful for 

investigating the dependency on autophagy for the clearance of a range of intracellular 

pathogens. In summary, both the autophagy reporter and autophagy-deficient systems 

are derived from the same parental hESCs, thereby providing state-of-the-art isogenic 

platforms for drug screening and validation. 
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Chapter 6: Materials and Methods 

6.1. Cell culture 

6.1.1. Culture of human embryonic stem cells (hESCs) and human induced 

pluripotent stem cells 

Human embryonic stem cells (WIBR3) and human induced pluripotent stem cells 

including control and NPC1 hiPSCs were obtained from Whitehead Institute, MIT, 

Boston, USA. All relevant ethical permissions can be presented upon request. Human 

embryonic stem cells (hESCs; WIBR3) (Lengner et al., 2010) including ATG5+/+, 

ATG5–/– and mCherry-EGFP-LC3 hESC lines) and human induced pluripotent stem 

cells (hiPSCs) including control and NPC1 hiPSC lines (Maetzel, Sarkar et al., 2014) 

were cultured, as previously described (Lengner et al., 2010; Maetzel, Sarkar et al., 

2014). Briefly, hESCs and hiPSCs were cultured on feeder layer of inactivated mouse 

embryonic fibroblasts (MEFs) in hESC medium consisting of DMEM/F12 (Gibco), 15% 

(v/v) fetal bovine serum (HyClone), 5% (v/v) KnockOut Serum Replacement (Gibco), 

1% (v/v) L-glutamine (Gibco), 1% (v/v) non-essential amino acids (Gibco), 1% (v/v) 

Penicillin/Streptomycin (Gibco), 4 ng/mL human recombinant basic fibroblast growth 

factor (bFGF; R&D Systems) and 0.1 mM β-mercaptoethanol (Sigma-Aldrich). The 

hESCS and hiPSCs were also cultured feeder-free on Geltrex (Gibco) basement 

membrane matrix in StemFlex Basal Medium supplemented with StemFlex 10X 

Supplement (Gibco) and 1% (v/v) Penicillin/Streptomycin (Gibco), or on Matrigel (Stem 

Cell technologies) basement membrane matrix in mTeSR1 medium supplemented 

with mTeSR1 5X supplement (Stem Cell Technologies) and 1% (v/v) 

Penicillin/Streptomycin (Gibco). The hESCs and hiPSCs were maintained on feeders 

or feeder-free in a humidified incubator with 5% CO2 and 5% O2 at 37 °C. For 

starvation-induced autophagy, hESCs were cultured in Hank’s Balanced Salt Solution 

(Gibco) for 3 h. 

6.1.2. Human pluripotent stem cell culture: challenges and considerations 

Human pluripotent stem cells (hPSCs; comprising of hESCs and hiPSCs) require 

continuous daily cell culture. Previously, the standard process was to co-culture 

hPSCs in a feeder layer of inactivated mouse embryonic fibroblasts (iMEFs). The 

iMEFs secrete various growth factors such as Activin A (Beattie et al., 2005) and thus 
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contribute to the maintenance of stemness in hPSCs for over 20 passages. The culture 

medium is changed daily with specialised hESC medium containing HyClone FBS and 

growth factors such as bFGF. The daily feeding is necessary as the half-life of bFGF 

is approximately 18 h, and it is crucial to maintain a high level of growth factors to 

maintain the hESCs in undifferentiated state. The hESCs are cryopreserved in 

HyClone FBS-containing cryomedium, and need to be revived back onto a feeder 

layer. More recently, more sophisticated culture methods were established, replacing 

the feeder layer of iMEFs with a basement membrane containing extracellular proteins 

and growth factors termed extracellular matrix (ECM), which maintains the 

pluripotency of hPSCs. Various ready-to-use commercial ECMs, such as Matrigel or 

Geltrex, are efficient for culturing hPSCs and require less time investment than the 

iMEFs generation and maintenance. In addition, a feeder-free culture ensures that 

only hPSCs are being analysed when cells are harvested from wells for population-

level analysis such as for gene expression and immunoblotting. For these reasons, 

the hESC cell lines used in this study were primarily cultured feeder-free with fully-

defined, xeno-free stem cell culture medium. When hPSCs are cultured on an ECM, 

the complementing media are optimised for prolonged feeding intervals. This results 

from the chemical structure of the growth factors contained in the media, with the most 

crucial optimised component being the beta Fibroblast Growth Factor (bFGF), which 

remains stable at 37 °C for over 40 hours and thus allowing for a flexible feeding 

schedule. The feeder-free medium, mTeSR and StemFlex, used in this study both 

contain thermostable growth factors including bFGF.   

6.2. Differentiation of hESCs and hiPSCs into neural precursors and 

terminally differentiated neurons 

Differentiation into neural precursor cells (NPs) and terminally differentiated neurons 

was performed, as previously described (Maetzel, Sarkar et al., 2014; Sarkar et al., 

2007). This was carried out for ATG5+/+ and ATG5–/– hESC lines, and the Control and 

NPC1 hiPSC lines. Briefly, hESC or hiPSC colonies were collected using 1.5 mg/mL 

collagenase type IV (Thermo Fisher Scientific), separated from the MEF feeder cells 

by gravity and cultured in non-adherent suspension culture dishes (Corning) in NP 

medium (NPM) comprising of DMEM -F12 containing B27, 1% (v/v) L-Glutamine, 1% 

(v/v) nonessential amino acids and 1% (v/v) Penicillin/Streptomycin (all from Thermo 
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Fisher Scientific) supplemented with 50 ng/ml human recombinant Noggin (Peprotech) 

and 10 μM SB431542 (Stemgent) for the first 4 days. NPM supplemented with Noggin 

and 20 ng/ml bFGF (R&D Systems) was used sequentially in the next 2 days (days 6-

7), and NPM supplemented with only bFGF were used sequentially in the following 7 

days (days 7-14) for further NP differentiation. At day 14, NPs clusters were 

dissociated and plated onto 100 μg/ml poly-L-ornithine (Sigma-Aldrich) and 14 μg/ml 

laminin (Sigma-Aldrich) pre-coated culture dishes in N2B27 medium comprising of 

DMEM -F12 containing N2, B27, 1% (v/v) L-Glutamine, 1% (v/v) nonessential amino 

acids and 1% (v/v) Penicillin/Streptomycin (all from Thermo Fisher Scientific) 

supplemented with 20 ng/ml bFGF (R&D systems) and 20ng/ml EGF (R&D systems). 

After 7 days in culture, neural rosette-bearing cultures were dissociated using StemPro 

Accutase (Thermo Fisher Scientific) and subsequently expanded on poly-L-ornithine 

and laminin coated cell culture dishes at the density of ~1.5×106 cells per well (of 6-

well plate) in N2B27 medium supplemented with bFGF and EGF. Proliferating NPs 

were passaged up to 4 times before induction of terminal differentiation into neurons 

by growth factor withdrawal in N2B27 medium. Differentiated neurons were used for 

analysis 3-4 weeks after differentiation. 

6.3. Differentiation of hESCs into monocytic cells and macrophages 

The hESCs were differentiated into macrophages utilising the previously described 

protocol via embryoid body (EB) formation (Wilgenburg et al., 2013; Karlsson et al., 

2008). This was carried out for wild-type (WIBR3) and mCherry-EGFP-LC3 hESC 

lines. Briefly, hESCs were cultured until colonies reached approximately 70% 

confluency, after which the hESC colonies were broken down into single cells for 

plating the cells into Aggrewells 800 (Stem Cell Technologies). This initial step of 

differentiation was modified while putting the cells in the Aggrewells 800 by adding the 

Mesoderm Booster reagent (Elixirgen Scientific) in EB medium at 1:10 ratio, and then 

replacing with EB medium after 4 h. Cells were seeded at approximately 4 x 106 per 

Aggrewell to form 300 EBs of around 2 x 104 cells/EB. Cells were maintained in 2 mL 

of EB medium comprising of mTeSR1 or StemFlex medium supplemented with 50 

ng/mL BMP4 (Gibco), 20 ng/mL SCF (Peprotech), 50 ng/mL VEGF (Peprotech) with 

daily media change. After 7 days, the EBs were collected and plated into adherent 6-

well plates or T75 flasks (for the generation of monocytic cell ‘factories’) in X-VIVO 15 
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medium (Lonza) supplemented with 25 ng/mL IL-3 (Invitrogen) and 100 ng/mL M-CSF 

(Invitrogen), 1% (v/v) Penicillin/Streptomycin, 2 mM Glutamax (Gibco) and 50 μM of 

2-mercaptoethanol. 50% of the media was changed once a week. After 4-5 weeks, the 

‘factories’ started producing monocytes. For generation of macrophages, the 

monocytic cells were harvested along with the supernatant, centrifuged for 5 min at 

300 x g, resuspended in X-VIVO 15 medium supplemented with 100 ng/mL M-CSF, 

1% (v/v) Penicillin/Streptomycin and 2 mM Glutamax, and cultured for 7 days with 

media change every 3-4 days. Macrophages were also generated from hiPSC-derived 

monocytic cell ‘factories’ obtained from the laboratory of Prof. Robin May (University 

of Birmingham, UK). 

6.4. Lipid nanoparticle mediated mRNA delivery 

Lipid nanoparticles (LNPs) were provided by and made in the laboratory of Daniel 

Anderson at the Koch Institute in MIT, USA. C12-200 (prepared as previously 

described (Love et al., 2010); courtesy of Alnylam Pharmaceuticals, Cambridge, MA) 

was mixed together with 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE; 

Avanti Polar Lipids, Alabaster, AL), cholesterol (Sigma), and 1,2-dimyristoyl-

snglycero- 3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] 

(ammonium salt) (PEG; Avanti) at a 50:20:20:10 weight ratio in ethanol. Then, an 

aqueous phase containing human ATG5 or GFP mRNA (TriLink Biotechnologies, San 

Diego, CA) in 10 mM citrate buffer was prepared. Syringe pumps were used to mix the 

ethanol and aqueous phases at a 1:3 ratio, as previously described (Kauffman et al., 

2015), to generate C12-200 lipid nanoparticles (LNPs), which were then dialyzed 

against 1x PBS in a 20k MWCO cassette at 4 °C for 2 h. The mRNA concentration 

was quantified using a modified Quant-iT RiboGreen RNA Assay (Invitrogen), as 

previously described (Heyes, Palmer, Bremner and MacLachlan, 2005). Cells (hESCs 

and hESC-derived neurons) were treated with 2 μg/ml C12-200 LNP-encapsulated 

human ATG5 or GFP mRNA, for 4 days with replenishment on day 2, or as indicated 

in the figure legends. 

6.5. Compounds and treatment 

Compounds used for boosting cellular NAD/NADH levels in ATG5–/– hESCs and in 

neurons derived from ATG5–/– hESCs or NPC1 hiPSCs are as follows: 1mM 
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Nicotinamide (NAM) (Sigma-Aldrich), 1 µM CP2 (synthesised previously) (Zhang et 

al., 2015) and 500 nM I-BET 525762A (I-BET) (Med Chem Express). Treatment of 

NAD/NADH boosting compounds was done in ATG5–/– hESCs for 2 days with 

replenishment on day 1, and in ATG5–/– hESC- and NPC1 hiPSC-derived neurons for 

6 days with replenishment on day 3. Autophagy-modulating compounds used in 

mCherry-EGFP-LC3 hESCs are as follows: 200 nM Rapamycin (autophagy inducer) 

and 40 nM Bafilomycin A1 (autophagy blocker) (both from Enzo Life Sciences). 

mCherry-EGFP-LC3 hESCs were treated with Rapamycin for 24 h for inducing 

autophagy, and with Bafilomycin A1 for 4 h for blocking autophagy. 

6.6. Analysis of autophagic vesicles by mCherry-EGFP-LC3 reporter 

Autophagic vesicles can be quantified using the pH–sensitive, tandem fluorescent-

tagged mRFP-GFP-LC3 reporter (Kimura et al., 2007). mCherry-EGFP-LC3 hESC line 

was subjected to starvation-induced autophagy by HBSS for 2 h, after which the cells 

were fixed with 4% formaldehyde and mounted on ProLong Gold antifade reagent with 

DAPI prior to fluorescence image analysis. Analysis was done for the number of 

autophagosomes that have both mCherry and EGFP signals (mCherry+/EGFP+), and 

for autolysosomes that emit only acid-stable mCherry signal (mCherry+/EGFP–) 

because the acid-labile EGFP signal is quenched in the acidic lysosomal environment. 

Autolysosomes were quantified by subtracting the EGFP spot count from the mCherry 

spot count, while the autophagosomes were quantified by the EGFP spot count only. 

Images were taken with Perkin Elmer UltraView spinning disk confocal system (Perkin 

Elmer) as described in Section 6.9. Quantification of mCherry+ and EGFP+ vesicles 

was done using the Analyze Particle plugin in ImageJ software (NIH), as described 

previously (Sarkar et al., 2013).  

6.7. Immunoblotting analysis 

Cell lysates were subjected to immunoblot analysis, as previously described 

(Seranova et al., 2019; Sarkar et al., 2013). Cell pellets were lysed on ice in 2X Lysis 

Buffer comprising of 20 mM Tris-HCl pH 6.8, 137 mM NaCl, 1 mM EGTA, 1% (v/v) 

Triton X-100, 10% (v/v) glycerol and 25X Protease Inhibitor Cocktail (all from Sigma-

Aldrich) (buffer made to 1X) for 30 min, boiled for 5-10 min at 100 °C. Protein 

concentration of the lysates was measured by Bio-Rad Protein Assay (Bio-Rad), and 
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equal amounts of protein (15-40 µg) per sample were subjected to SDS–PAGE and 

immunoblot analysis, as previously described (Seranova et al., 2019). The blots were 

then incubated in Blocking Buffer [6% (w/v) non-fat milk powder in PBS-Tween 20) for 

1 h at room temperature. For cleaved caspase-3 immunoblotting, cells were lysed with 

RIPA Lysis Buffer comprising of 50 mM Tris-HCl pH8, 150 mM NaCl, 1 mM EDTA, 

0.5% (w/v) deoxycholate, 1% (v/v) IGEPAL (all from Sigma-Aldrich), 0.1% (w/v) SDS 

(Bio-Rad) and Complete Protease Inhibitor Cocktail (Roche), sonicated and 

centrifuged at 14000 rpm for 30 min at 4 °C. The samples were subjected to SDS–

PAGE on a 16.5% (v/v) gel, immunoblot analysis on nitrocellulose membrane, then 

membrane was blocked in 1% (v/v) Glutaraldehyde solution (VWR Life Science) in 

TBS for 30 min and in Blocking Buffer [6% (w/v) non-fat milk powder in PBS-Tween 

20] for 1 h at room temperature. All the blots were incubated overnight in primary 

antibodies (Table 6.1) at 4 °C on a shaker platform. The immunoblots were then 

probed with the relevant secondary antibodies (Table 6.1) for 1 h at room temperature 

on a shaker platform, and visualised using Amersham ECL Western Blotting Detection 

Reagent (GE Healthcare). Densitometry analyses on immunoblots were performed 

using ImageJ v1.48 (NIH), as previously described (Seranova et al., 2019, Sarkar et 

al., 2013). The data were expressed as a percentage of the control condition that is 

set to 100%.  

Table 6.1. List of primary and secondary antibodies for immunoblotting analysis 

Antigen Source Catalogue number Dilution 
Primary antibodies 
Actin Sigma-Aldrich MABT1333 1:4000 
ATG5 NanoTools 0262-100/ATG5-7C6 1:400 
Cleaved caspase-3(Asp175) Cell Signaling Technology 9661 1:1000 
GAPDH Sigma-Aldrich G8795 1:5000 
GFP Clontech 632375 1:5000 
LC3B Novus Biologicals NB100-2220 1:2000 
MAP2 Invitrogen PA5-17646 1:5000 
NESTIN BioLegend 656802 1:2000 
p62 BD Biosciences 610832 1:1000 
p70 S6 kinase Cell Signaling Technology 9202 1:1000 
PAX6 BioLegend 901301 1:2000 
Phospho-p70 S6 kinase(Thr389) Cell Signaling Technology 9206 1:1000 
Phospho-S6 ribosomal protein (Ser235/236) Cell Signaling Technology 2211 1:4000 
S6 ribosomal protein Cell Signaling Technology 2217  1:4000 
SOX2 R&D Systems AF2018 1:500 
Tom20 Santa Cruz Biotechnology sc-17764 1:5000 
Tubulin Sigma-Aldrich T6793 1:5000 
TUJ1 (TUBB3) BioLegend 801201 1:5000 
Secondary antibodies 
Goat anti-mouse IgG, H&L chain 
specific peroxidase conjugate 

Calbiochem 401253 1:10000 
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Goat anti-rabbit IgG, H&L chain specific 
peroxidase conjugate 

Calbiochem 401393 1:10000 

Rabbit anti-goat IgG, H&L chain specific 
peroxidase conjugate 

Calbiochem 401515 1:10000 

 

6.8. Immunofluorescence analysis  

Immunofluorescence analysis was performed in hESCs and hESC-derived cell-types 

(such as neural precursors, neurons and macrophages), as previously described 

(Maetzel, Sarkar et al., 2014; Seranova et al., 2019; Sarkar et al., 2013) in 12-well 

plates or 24-well plates, where cells were cultured on coverslips. Briefly, cells were 

washed in PBS, fixed with 4% (v/v) formaldehyde (Thermo Fisher Scientific) at room 

temperature (RT) for 15 min, permeabilised with 0.5% (v/v) Triton X-100 (Sigma-

Aldrich) for 10 min (for all primary antibodies except LC3 antibody) or with pre-chilled 

methanol for 5 min (for LC3 antibody), again washed in PBS and incubated with 

Blocking Buffer, comprising of 5% (v/v) goat or donkey serum (Sigma-Aldrich) in PBS, 

for 1 h at RT on a shaker platform. Cells were then incubated overnight with primary 

antibodies (Table 6.2) at 4 °C followed by incubation with relevant secondary 

antibodies (Table 6.2) for 1 h at RT, during which the cells were washed multiple times 

with PBS after the applications of primary and secondary antibodies. For 12-well 

plates, the volume of all reagents was 200 μL and for 24-well plates was 100 μL per 

well. The coverslips were mounted on glass slides with ProLong Gold antifade reagent 

with DAPI (Invitrogen).  

Table 6.2. List of primary and secondary antibodies for immunofluorescence 

Antigen Source Catalogue number Dilution 
Primary antibodies 
CD86 Abcam Ab53004 1:500 
IBA1 Abcam Ab5076 1:500 
LC3B NanoTools 0231-100/LC3-5F10 1:200 
MAP2 Invitrogen PA5-17646 1:200 
NANOG R&D Systems SC009 1:100 
NESTIN BioLegend 656802 1:100 
OCT-3/4 R&D Systems SC009 1:100 
PAX6 BioLegend 901301 1:100 
SOX2 R&D Systems SC009 1:100 
SSEA4 R&D Systems SC009 1:100 

Tom20 
Santa Cruz 
Biotechnology 

sc-17764 1:100 

TRA-1-60 R&D Systems MAB4770 1:100 
TUJ1 (TUBB3) BioLegend 801201 1:200 
Secondary antibodies 
Donkey anti-goat IgG (H+L) Alexa fluor 647 Invitrogen A-32849 1:1000 
Donkey anti-mouse IgG (H+L) Alexa Fluor 594 Invitrogen A-32744 1:1000 
Goat anti-mouse IgG (H+L), Alexa Fluor 488 Invitrogen A-11001 1:1000 
Goat anti-mouse IgG (H+L), Alexa Fluor 594 Invitrogen A-11005 1:1000 
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Goat anti-rabbit IgG (H+L), Alexa Fluor 488 Invitrogen A-11008 1:1000 
Goat anti-rabbit IgG (H+L), Alexa Fluor 594 Invitrogen A-11012 1:1000 
Goat anti-rabbit IgG (H+L) Alexa Fluor 647 Invitrogen A-32733 1:1000 
Donkey anti-goat IgG (H+L), Alexa Fluor 488 Invitrogen A-11055 1:1000 

 

6.9. Image acquisition of fixed cells 

Fluorescence images of fixed cells were acquired using EVOS FL Cell Imaging 

System (Thermo Fisher Scientific) with AMG 10x Plan FL and AMG 40x Plan FL lens, 

Leica DM6000 B (Leica Microsystems) with Leica DFC 350 FX R2 camera and with 

HC PL APO 40x/1.25 or HC PL APO 100x/1.40 oil immersion lens with Leica 

Application Suite X software (Leica Microsystems), or with Perkin Elmer UltraView 

spinning disk confocal system (Perkin Elmer) with an Orca-ER cooled–CCD camera 

(Hamamatsu) on a Zeiss Axiovert 200 (Carl Zeiss Inc.) with 63x 1.4NA plan-

apochromat oil immersion lens using Volocity v6.1 software (Improvision). For each 

experiment, the exposure of the control samples was established as a baseline first, 

and then images of control and treated or knockout/reporter cells were taken. Images 

were taken at a non-saturating threshold.  

6.10. Gene expression analysis 

Total RNA was extracted using Trizol (Ambion) followed by DNase treatment using 

the RNase-free DNase set (Qiagen). Reverse transcription PCR (RT-PCR) was 

performed using M-MLV Reverse Transcriptase (Promega) and quantitative PCR 

(qPCR) was performed using the CFX Connect Real-Time System (Bio-Rad), as 

previously described (Hummon et al., 2007). 25 µM of primers (Table 6.3) (Sigma-

Aldrich) were used in SYBR Green mastermix (Applied Biosystems) that was added 

to 5 ng of cDNA in white, 96-well plates with round bottom (Bio-Rad). Results were 

analysed using 2−ΔΔCt method and were normalised to the expression of the 

housekeeping gene GAPDH.  

Table 6.3. List of primers for qPCR 

Gene Species Primer Sequence 

NANOG Human 
NANOG Forward TGTGTACTCAATGATAGATT 
NANOG Reverse GTCTTCACCTGTTTGTAG 

POU5F1 Human 
POU5F1 Forward TCTATTTGGGAAGGTATTC 
POU5F1 Reverse TTGCATATCTCCTGAAGA 

SOX2 Human 
SOX2 Forward CGGACAGCGAACTGGAGG 
SOX2 Reverse CTGTTTCTTACTCTCCTCTTTTGC 

GAPDH Human GAPDH Forward TCGACAGTCAGCCGCATCTTCTTT 
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GAPDH Reverse ACCAAATCCGTTGACCTT 

 

6.11. Cell death analysis 

6.11.1. TUNEL assay for apoptotic cells 

Cells were stained with Click-iT Plus TUNEL Assay for in situ apoptosis detection, 

Alexa Fluor 488 dye (Invitrogen), according to the manufacturer’s protocol. In brief, 

cells (hESC-derived neurons and hiPSC-derived neurons) were cultured in 24-well 

plates, on coverslips coated with poly-L-ornithine and laminin as described in 6.2.  

Cells were fixed with 4% (v/v) formaldehyde (Thermo Fisher Scientific) for 15 min and 

permeabilised with 0.25% (v/v) Triton X-100 (Sigma-Aldrich) for 20 min at room 

temperature, then washed with deionised water. Cells were incubated at 37 °C for 10 

min in TdT reaction buffer, followed by incubation with TdT reaction mixture containing 

TdT reaction buffer, EdUTP, TdT enzyme for 60 min at 37 °C, washed with 3% (w/v) 

BSA, and finally incubated with Click-iT Plus TUNEL reaction cocktail for 30 min at 

37 °C followed by washes with 3% BSA. For detection of TUNEL+ apoptotic nuclei in 

specifically in neurons, cells with subjected to immunofluorescence by blocking with 

3% (w/v) BSA (in PBS) followed by incubation with TUJ1 antibody (in 3% BSA in PBS) 

overnight at 4°C, and thereafter incubated with Alexa Fluor 594 secondary antibody 

for 1 h at room temperature. The volume of each reagent was 125 μL per well. 

Coverslips were mounted on glass slides with ProLong Gold antifade reagent with 

DAPI (Invitrogen). The quantification of TUNEL+ apoptotic nuclei in TUJ1+ neuronal 

cells was performed via fluorescence microscopy, as previously described (Seranova 

et al., 2019). The percentage of TUNEL+ nuclei was calculated from the total number 

of TUJ1+ cells analysed (~200 cells per sample were analysed). 

6.11.2. Cytotoxicity assay 

Cytotoxicity was measured with CytoTox-Glo Cytotoxicity Assay (Promega) as per 

manufacturer’s protocol. In brief, cells (hESCs and hESC-derived neurons) were 

cultured as described in 6.2 in white, 96 well plates with transparent bottom (Perkin 

Elmer). Cells were incubated with CytoTox-Glo Assay Reagent (comprising of Assay 

Buffer and AAF-Glo Substrate) for 15 min at room temperature in the dark, then 

luminescence was measured using EnSpire Multimode plate reader (Perkin Elmer) 

and the readings obtained were attributed to the overall cytotoxicity per well. To 
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calculate the total number of cells/well, cells were further incubated with Lysis Reagent 

(comprising of Assay Buffer and Digitonin) for 30 min at room temperature in the dark, 

after which luminescence was measured again. The volume of each reagent mixture 

was 100 μL per well. Cytotoxicity data was normalised to the total cell number by 

dividing the overall cytotoxicity per well (first reading) to the total number of cells per 

well (second reading) and expressed as a percentage.  

6.11.3. FACS analysis of live and apoptotic cells 

Analysis of live and apoptotic cells was performed with FITC Annexin V Apoptosis 

Detection Kit I (BD Biosciences) according to manufacturer’s protocol and as 

previously described (Sarkar et al., 2013). In brief, cells (hESC-derived neural 

precursors) were cultured as previously described in 6.2 in 6-well plates. Cells were 

washed with cold PBS, resuspended in 1X Binding Buffer, incubated with FITC 

Annexin V and propidium iodide for 15 min at room temperature in the dark, followed 

by analysis via flow cytometry (100000 cells were analysed per sample) using BD 

LSRFortessa cell analyser (BD Biosciences) and BD FACSDiva v8.0 and FlowJo 

v7.6.5 software (BD Biosciences). Cells were first selected from the overall population 

by side scatter area (SSC-A) versus forward scatter area (FSC-A) to eliminate cell 

debris. To further exclude doublets, cells were discriminated by plotting the side 

scatter area (SSC-A) versus side scatter width (SSC-W) and the forward scatter area 

(FSC-A) versus forward scatter width (FSC-W). The resulting cell population was 

gated into two parameter density plot [Y axis = propidium iodide (PE), X axis = FITC 

Annexin V (FITC)], and discriminated into 4 sections of live cells (propidium iodide–

/FITC Annexin V–), early apoptosis (propidium iodide–/FITC Annexin V+), intermediate 

apoptosis (propidium iodide+/FITC Annexin V+) or late apoptosis (propidium 

iodide+/FITC Annexin V–).   

6.11.4. DAPI staining for apoptotic nuclear morphology 

For analysing apoptotic nuclei morphology by DAPI staining in hESC-derived neurons, 

the percentage of apoptotic nuclei was calculated from the total number of TUJ1+ cells 

analysed (~150-200 cells per sample were analysed) (Sarkar et al., 2007; Sarkar et 

al., 2009). 
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6.12. NAD+ and NADH measurements 

NAD+ and NADH measurements were done using NAD/NADH Quantitation 

Colourimetric Kit (BioVision) according to manufacturer’s instructions. Briefly, cells 

(hESCs and hESC-derived neurons) were washed with cold PBS, then lysed with 

NADH/NAD Extraction Buffer and immediately freeze-thawed twice on dry ice, 

centrifuged at 14000 rpm for 5 min at 4 °C. Half of the supernatant was incubated at 

60 °C for 30 min to decompose the NAD and detect the NADH. Both halves of the 

supernatants were then cooled on ice, transferred into a 96-well plate, followed by 

incubation in Reaction Mix comprising of NAD Cycling Buffer and NAD Cycling 

Enzyme Mix for 5 min at room temperature. Then NADH Developer was added to each 

well and the reaction was left to cycle for 1-2 h at room temperature. Measurements 

of optical density (OD) at 450 nm using the EnSpire Multimode plate reader (Perkin 

Elmer) were performed every 20-30 min to detect the saturating OD, then normalised 

to protein concentration via Bio-Rad Protein Assay to measure the pmol/µg of NAD+ 

and NADH.  

6.13. ATP and ADP measurements 

Measurements of ATP and ADP were done using ApoSENSOR ADP/ATP Ratio 

Bioluminescent Assay Kit (BioVision) according to manufacturer’s instructions. Briefly, 

a Reaction Mix containing Nucleotide Releasing Buffer (NBR) and ATP monitoring 

enzyme was added in the wells of a white-walled 96-well plate and kept in room 

temperature for a few hours to burn residual ATP levels. Cells (hESCs and hESC-

derived neurons) cultured in another 96-well plate were incubated with NBR 5 min at 

room temperature to release the ATP, and then the supernatant was transferred to the 

appropriate wells of the white-walled 96-well plate. Luminescence was measured 

using EnSpire Multimode plate reader (Perkin Elmer) for determining ATP levels, and 

again measured after adding ADP Converting Enzyme for determining ADP levels, 

after which data were normalised to protein concentration via Bio-Rad Protein Assay.  

6.14. Mitochondrial ΔΨm and ROS measurements 

Measurements of mitochondrial membrane potential (ΔΨm) and reactive oxygen 

species (ROS) were performed as previously described (e Silva et al., 2019). Briefly, 

cells (hESCs and hESC-derived neurons) were loaded with Microscopy Medium 
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comprising of 120 mM NaCl, 3.5 KCl, 0.4 mM KH2PO4, 5 mM NaHCO3, 1.2 mM NaSO4, 

20 mM HEPES and 15 mM glucose in dH2O adjusted to pH 7.4 and supplemented 

with 1 mM CaCl2 (all from Sigma-Aldrich), and incubated with 500 nM TMRE (for 

mitochondrial ΔΨm measurement; Invitrogen) and 20 µM CM-H2DCFDA (for ROS 

measurement; Invitrogen) for 1 h at 37 ºC. The fluorescence of TMRE and CM-

H2DCFDA was acquired using EnSpire Multimode plate reader (Perkin Elmer) for a 

period of 5 min to get basal fluorescence, and again for TMRE for another 5 min after 

the addition of 10 µM FCCP (fluorocarbonyl cyanide phenylhydrazone) to obtain 

maximum fluorescence. The baseline fluorescence was calculated as the mean of the 

last 10 reading points before the addition of FCCP (for TMRE and CM-H2DCFDA), and 

the delta (Δ) fluorescence was calculated by subtracting the basal fluorescence from 

the maximum fluorescence intensity after FCCP treatment (for TMRE only). Data were 

obtained as relative fluorescence units, normalised to protein concentration via Bio-

Rad Protein Assay, and expressed as a percentage of the control condition.  

6.15. MitoTracker staining and mitochondrial rod length analysis 

MitoTracker Red CMXRos (Invitrogen) was used to label mitochondria as per 

manufacturer’s protocol. Briefly, cells (hESCs and hESC-derived NPs and neurons) 

were cultured in 24-well plates on coverslips as previously described in Section 6.2. 

Cells were incubated with 100 nM MitoTracker Red CMXRos for 45 min at 37 °C, after 

which the cells were either fixed and imaged for analysis or subjected to 

immunofluorescence with cell-specific markers. Mitochondrial rod/branch length 

analysis (after MitoTracker staining or immunofluorescence with Tom20 antibody) was 

made as previously described (Valente et al., 2017). In brief, measurement of 

mitochondrial rod/branch length was done per cell for hESCs and NPs (~40 cells per 

sample and 5-50 fragments per cell were analysed) and per field of view for neurons 

(~4 images per sample and 200-4000 fragments per image were analysed) using the 

Analyse Skeleton plugin from the Mitochondrial Network Analysis (MiNA) toolset in 

ImageJ v1.41 (NIH).  

6.16. Axonal length measurement in neurons 

Cells (hESC-derived neurons) were grown in 12-well plates on coverslips as 

previously described in Section 6.2. Cells were immunostained with the neuronal 
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marker, such as TUJ1, were imaged and analysed for axonal length (~5 images per 

sample and 1000-1500 lines per image were analysed) using the Analyse Skeleton 

plugin in the ImageJ v1.41 (NIH). 

6.17. Metabolomics 

6.17.1. LC-MS-based metabolomics 

Liquid chromatography–mass spectrometry (LC-MS)-based metabolomics was 

performed, broadly as previously described (Maddocks et al., 2016) on hESCs and 

hESC-derived neurons. Briefly, cells were washed with cold PBS and lysed on ice at 

2 x 106 cells/ml concentration in Metabolite Extraction Buffer comprising of 30% (v/v) 

acetonitrile (Sigma-Aldrich), 50% (v/v) methanol (Fisher Scientific) and 20% (v/v) Milli-

Q water. Samples were vortexed for 45 s, centrifuged at 13000 rpm for 5 min at 4 °C, 

and the supernatants subjected to LC-MS using a 3-point calibration curve with 

universally-labelled carbon-13/nitrogen-15 amino acids for quantification. LC-MS 

platform consisting of Accela 600 LC system and Exactive mass spectrometer 

(Thermo Scientific) was used to analyse the samples. For separation of the 

metabolites, Sequant ZIC-pHILIC column (4.6 mm x 150 mm, 5 μm; Merck) was used 

with the mobile phase mixed by A = 20 mM ammonium carbonate in water and B = 

acetonitrile. A gradient program starting at 20% of A and linearly increasing to 80% at 

30 min was used, followed by washing (92% of A for 5 min) and re-equilibration (20% 

of A for 10 min), and the total run time of the method was 45 min. The LC stream was 

desolvated and ionised in the HESI probe. The Exactive mass spectrometer was 

operated in full scan mode over a mass range of 70-1200 m/z at a resolution of 50000 

with polarity switching. The LC-MS raw data was converted into mzML files via 

ProteoWizard and imported to MZMine 2.10 for peak extraction and sample alignment. 

A house-made database integrating KEGG, HMDB and LIPID MAPS was used for the 

assignment of the LC-MS signals by searching the accurate mass, and the metabolites 

were confirmed by running their commercial standards. Lastly, peak areas were used 

for comparative quantification. 

6.17.2. Metabolomics data analysis 

Multivariate statistical analysis on MS-based metabolomics was performed using 

MetaboAnalyst 4.0. We first normalised each of the metabolite peaks by auto-scaling 
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(mean-centred and divided by SD of each variable) and then applied principal 

component analysis (PCA). Metabolite fold change was calculated relative to ATG5+/+ 

(wild-type) cells, and then converted to Log2 values. Each metabolite was plotted on 

a heatmap. Statistical significance was determined using the Student’s t-test with P 

value corrected with Benjamini and Hochberg (BH) false discovery rate (FDR) method. 

6.18. Fluorescence Activated Cell Sorting (FACS) 

The wild-type and mCherry-EGFP-LC3 hESC-derived monocytic cells and 

macrophages were characterised for the cell lineage markers by fluorescence-

activated cell sorting (FACS). The macrophages were dissociated using accutase 

(Stem Cell Technologies), centrifuged (300 x g) for 5 min at 21 °C, resuspended in 

ice-cold FACS Buffer consisting of 1.5% (v/v) Fetal Bovine Serum (heat-inactivated, 

S. American, Gibco) in PBS, and collected into 5 ml falcon round-bottom polystyrene 

tubes. The monocytic cells were harvested from the “factory”, filtered via 40 μm cell 

strainer, centrifuged (400 x g) for 5 min at 21 °C, and also resuspended in FACS 

Buffer. The respective monocytic cell and macrophage suspensions were then 

incubated in the dark for 20 min on ice with primary antibodies (Table 6.4) (1:25 

dilutions; except 1:100 for CD45 after performing titration curve) for multiple cell 

surface-specific expressing markers and compensation beads, and centrifuged (400 

x g) for 5 min at 4°C. The cells were fixed using 4% (v/v) formaldehyde for 20 min, 

diluted with 1X PBS, centrifuged again (400 x g) for 5 min at 4°C, resuspended in 450 

μL of PBS, and mixed thoroughly to prevent cell clumping, and analysed by CyAn ADP 

Analyser (Beckman Coulter) or CytoFLEX Flow Cytometer (Beckman Coulter). The 

FACS data were analysed by FlowJo software. Compensation from UltraComp 

eBeads Compensation Beads (Invitrogen) was applied using the FlowJo v10 software. 

Cells were first selected from the overall population by side scatter linear (SS Lin) 

versus forward scatter linear (FS Lin). The resulting population was discriminated by 

FS Lin versus Pulse width to avoid debris, and finally, the antibody’s fluorescent 

channel was gated against cell count to visualise the staining. The histograms denote 

surface antibody staining and isotype control as indicated in the figures. 

Table 6.4. List of primary antibodies and isotype controls for FACS 

Antigen Dilution Source Catalogue number 

CD11b 1:25 Tonbo Biosciences 75-0112 
Isotype Control for CD11b 1:100 Tonbo Biosciences 75-4031-U100 
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CD11c 1:25 Tonbo Biosciences 75-0116 
Isotype Control for CD11c 1:100 Tonbo Biosciences 75-4714-U100 
CD14 1:25 Invitrogen 15-0149-42 
Isotype Control for CD14 1:100 BioLegend 400126 
CD16 1:25 BioLegend 302011 
Isotype Control for CD16 1:66 BioLegend 562946 
CD45 1:100 Tonbo Biosciences 60-9459-ST05 
Isotype Control for CD45 1:100 BioLegend 304058 
CD68 1:25 BioLegend 333821 
Isotype Control for CD68 1:100 BioLegend 400328 
CD86 1:25 BioLegend 305425 
Isotype Control for CD86 1:100 BioLegend 400342 
CD163 1:25 BioLegend 333621 
Isotype Control for CD163 1:100 BioLegend 400127 
CD206 1:25 BioLegend 321109 
Isotype Control for CD206 1:100 BioLegend 400119 
MHC II 1:25 BioLegend 307617 
Isotype Control for MHC II 1:100 BioLegend 400229 

 

6.19.  Enzyme-linked immunosorbent assay (ELISA) 

ELISA was done in hESC-derived macrophages. ELISA 96 well plates were coated 

overnight with 4 μg/mL of TNFα (BD Biosciences) and IL10 (R&D Systems) at room 

temperature (in PBS). After disposing the liquid, the plate was incubated with blocking 

buffer consisting of 1% (v/v) BSA in PBS for 2 h, and then 50 μL of the sample was 

added to each well and incubated at room temperature (RT) for 2 h.  Optical density 

curves were used at 2000 pg/mL as the highest value of the curve and serial dilution 

was implemented. After the sample incubation, 3 washes with 0.05% (v/v) Tween-20 

in PBS was performed and the detection antibody was added in all the wells in 50 μL 

of blocking buffer. Afterwards, 3 more PBS washes were performed, and biotinylated 

detection antibodies were added to all the wells. Then, streptavidin-conjugated HRP 

was added to 50 μL of blocking buffer and the plate was incubated for 30 min in RT. 

After 3 more washes with PBS, HRP substrate with 3,3',5,5'-tetramethylbenzidine 

(TMB) was added and the reaction was stopped using sulphuric acid. The plate was 

then read at 450 nM using the Multimode Plate Reader (Perkin Elmer).  

6.20. Phagocytosis assay 

Monocytic cells derived from hESCs were harvested from the ‘factories’ and seeded 

at 60000 cells per well in a 96-well black plate with transparent bottom (Thermo Fisher 

Scientific). Cells were then differentiated into macrophages for 7 days, and the culture 

medium was changed to macrophage medium supplemented with 100U/mL iFNγ 
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(Gibco) for 24 h. iFNγ supplemented medium was removed and replaced with 100 μL 

per well of the macrophage medium. Jurkat T cells, stained with CellTracker Blue 

(Thermo Fisher Scientific) and heat-killed at 60 ºC, were added at 100000 cells per 

well and incubated at 37 ºC for 3-4 h. Medium was removed, cells were washed twice 

with PBS and cells were stained with Cell Mask Deep Red (Thermo Fisher Scientific) 

in macrophage medium. After 10 min incubation at 37 ºC, cells were washed once with 

PBS and 100 μL/well of macrophage medium was added before immediate imaging 

with CX5 CellInsight microscope (Thermo Fisher Scientific). Cells can be fixed with 

4% (v/v) paraformaldehyde if re-imaging is necessary or for further staining.   

6.21. Statistical analyses 

Quantification of data is described under various sections of experimental procedures 

as appropriate. Graphical data are shown by column graph scatter dot plot (mean ± 

s.e.m.) using Prism 8.3.1 software (GraphPad). Statistical significance on all graphical 

data was determined using unpaired two-tailed Student’s t-test using Prism 8.3.1 

software (GraphPad) from multiple biological replicates (n number = 3 or more as 

indicated) in 3 independent or representative experiments. For metabolomics data 

analysis, statistical significance was determined by Student’s t-test using Benjamini 

and Hochberg FDR method. ***, p<0.001; **, p<0.01; *, p<0.05; ns, non-significant. 
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