Personalized Medicine in Neurodegenerative Diseases
Question 1 – Heterogeneity & Personalized Medicine
1A. Explain why neurodegenerative diseases (e.g., Parkinson’s disease or Alzheimer’s disease) cannot be treated with a one-size-fits-all approach.
1B. Provide three distinct sources of heterogeneity within a single neurodegenerative disease, and illustrate how each one can influence disease progression or treatment response.
1C. Based on this heterogeneity, justify why personalized medicine is essential in the context of neurodegenerative diseases
1A. Neurodegenerative diseases cannot be treated with a one-size-fits-all approach because the label of a disease (e.g., “Parkinson’s disease”) hides very diverse underlying biological realities. Patients with the same clinical diagnosis may differ in the proteins that accumulate (α-synuclein, tau, TDP-43), in the brain regions first affected, in the speed of neuronal loss, and in the way they respond to drugs. Since most therapies act on specific mechanisms or pathways, they will only be effective in patients where that mechanism is truly driving the disease. Treating all patients identically ignores this complexity and leads to variable and often disappointing outcomes.

1B. 
• Genetic heterogeneity: Within one disease, patients can carry different pathogenic or risk variants. For example, in PD some patients have a LRRK2 mutation (affecting kinase signalling and mitochondrial function), others have GBA mutations (affecting lysosomal degradation), and many are idiopathic with polygenic risk. These genetic backgrounds influence age at onset, rate of progression, and which pathways are most vulnerable, so they also modulate how a patient responds to targeted therapies.

• Molecular/pathological heterogeneity: Even among patients with the same diagnosis, the type and burden of misfolded protein aggregates, mitochondrial dysfunction, lysosomal stress, or neuroinflammation can differ markedly. In PD, Lewy bodies can vary in composition and ultrastructure, and some patients show relatively little classical α-syn pathology. In AD, some patients are amyloid-dominant, others tau-dominant, and many have mixed or additional pathologies (e.g., vascular lesions). A drug targeting amyloid, for example, will be more effective in an amyloid-driven subtype than in a tau- or vascular-driven case.

• Clinical heterogeneity: Patients with the same disease exhibit distinct symptom profiles and progression patterns. PD can be tremor-dominant, akinetic-rigid, or non-motor–dominant (with early autonomic or cognitive symptoms). AD can present with memory-led, language-led, or visuospatial variants. These differences reflect divergent involvement of brain circuits and correlate with different future complications and treatment priorities (motor symptom control versus cognitive or psychiatric symptoms).

1C. Personalized medicine is essential because it explicitly acknowledges and uses this heterogeneity instead of ignoring it. By integrating genetic data, molecular biomarkers, imaging, and detailed clinical phenotyping, clinicians and researchers can stratify patients into biologically meaningful subgroups. Therapies can then be matched to the most relevant mechanisms in each subgroup (or even each patient), increasing the likelihood of benefit, reducing unnecessary side effects, and improving the design and success rate of clinical trials.



















Question 2 – iPSC Reprogramming, Advantages & Limitations
2A. Describe the key biological changes that occur when a somatic cell is reprogrammed into an induced pluripotent stem cell (iPSC).
2B. Explain what iPSCs retain from the patient and why this is important for modeling neurodegenerative diseases.
2C. Explain what is lost during reprogramming and discuss how these losses affect the modeling of late-onset neurodegenerative diseases.
2A. When a somatic cell (such as a fibroblast or blood cell) is reprogrammed into an iPSC, it undergoes a global reset of identity. Introduction of reprogramming factors (e.g., OCT4, SOX2, KLF4, c-MYC) turns off the somatic gene-expression program and activates a pluripotency network similar to that of embryonic stem cells. Epigenetically, DNA methylation patterns specific to the original tissue are largely erased, histone marks are remodeled, and chromatin shifts from a compact, lineage-committed state to a more open, plastic configuration. At the same time, cellular age is reset: telomeres lengthen, mitochondrial properties become more “embryonic-like,” and epigenetic age clocks revert to a youthful state. The result is a pluripotent cell that can generate many different cell types, including neurons and glia.

2B. iPSCs retain the complete somatic genome of the donor cell, including inherited variants (from the germline) and any somatic mutations present in that cell. This means that all patient-specific genetic risk and causal factors for neurodegeneration are preserved: mutations in LRRK2, GBA, SNCA, C9orf72, APP/PSEN, APOE genotype, polygenic risk variants, and so on. When iPSCs are differentiated into neurons or glia, these cells redeploy the patient’s genetic program and therefore reproduce many of the disease-relevant cellular phenotypes (e.g., mitochondrial dysfunction, lysosomal impairment, altered proteostasis). This is crucial for neurodegenerative disease modeling because it allows researchers to study human neurons that reflect the patient’s actual genetic susceptibility and to test candidate therapies directly in these patient-specific cells.

2C. During reprogramming, iPSCs lose the epigenetic state of the original somatic cell, including tissue-specific DNA methylation patterns, chromatin structure, and many of the marks acquired through aging and environmental exposures (toxins, diet, inflammation, stress, microbiota influences). As a result, iPSC-derived neurons resemble fetal or early postnatal neurons, not aged neurons. Since most neurodegenerative diseases are late-onset and strongly age-dependent, this presents a major limitation: many pathological features driven by aging (e.g., age-related chromatin changes, cumulative mitochondrial damage, age-associated proteostasis decline) are not spontaneously present in iPSC-derived neurons. To compensate, researchers introduce “artificial aging” using stressors, progeroid factors, prolonged culture, or direct conversion strategies. Nevertheless, the loss of true biological age and environmental/epigenetic history means that iPSC models primarily capture the genetic component of disease rather than the full complexity of late-onset human pathology.
Question 3 – Organoids: Potential & Limitations
Sub-questions:
3A. Describe two major advantages of brain organoids for studying neurodegenerative diseases compared with 2D neuronal cultures.
3B. Describe two important limitations of organoids, particularly for modeling late-onset neurodegenerative diseases.
3C. Explain how organoids and 2D iPSC-derived neuronal cultures complement each other in personalized disease modeling.
Model Answer:
3A. First, brain organoids provide a three-dimensional architecture that partially reproduces the spatial organization of brain tissue. Cells organize into layers or regions, creating microenvironments and gradients that resemble in vivo conditions more closely than flat monolayers. This 3D structure enables more realistic cell–cell and cell–matrix interactions, which are fundamental for processes like synapse formation, network oscillations, and neuroinflammation.

Second, organoids contain multiple neural cell types—various neuronal subtypes, astrocytes, and oligodendrocyte lineage cells, and in some protocols also microglia. This cellular diversity allows the study of interactions between neurons and glia, which are critical in neurodegenerative diseases: for example, how astrocytic dysfunction contributes to neuronal stress or how inflammatory signals from glia modulate aggregation and degeneration.

3B. One important limitation is developmental immaturity. Organoids generally recapitulate early developmental stages and resemble fetal or neonatal brain tissue. They lack the epigenetic and metabolic hallmarks of aging, which are central to late-onset neurodegenerative diseases like PD and AD. Consequently, age-dependent phenotypes, such as robust Lewy body formation or advanced tau pathology, may not arise spontaneously.

Another limitation is the absence of vasculature and full systemic context. Without blood vessels, organoids rely on passive diffusion of oxygen and nutrients, which becomes insufficient as they grow. This often leads to hypoxic cores, necrosis, and incomplete maturation. In addition, they lack full immune and hormonal systems, restricting their ability to model neurovascular and neuroimmune contributions to disease.

3C. 2D iPSC-derived neuronal cultures are highly controllable and experimentally accessible. They are suitable for precise mechanistic experiments, high-throughput drug screening, and detailed electrophysiological or imaging studies of single cells or simple networks. Organoids, on the other hand, provide a more realistic microenvironment, multicellular interactions, and emerging network-level phenomena. In personalized disease modeling, 2D cultures can be used to dissect cell-intrinsic mechanisms and drug responses, while organoids can be used to test how those mechanisms manifest in a more complex tissue context and to study processes such as protein spreading, synaptic network disruption, and glia–neuron interactions. Using both models in tandem therefore gives a more complete picture of each patient’s disease biology.























Question 4 – Personalized Medicine Pipeline for Parkinson’s Disease
4A. Outline a possible personalized medicine pipeline for Parkinson’s disease that integrates patient stratification, iPSCs, organoids, and therapeutic development.
4B. Explain why rodent models alone are insufficient to support this personalized medicine pipeline.
4A. A personalized medicine pipeline for Parkinson’s disease could begin with comprehensive patient stratification, combining clinical phenotyping (motor subtype, non-motor symptoms), genetics (e.g., LRRK2, GBA, SNCA status), and molecular biomarkers (imaging, CSF markers). Based on this stratification, patient somatic cells (skin or blood) are reprogrammed into iPSCs and differentiated into dopaminergic neurons and other relevant neuronal subtypes (such as cortical or autonomic neurons). In parallel, 3D midbrain organoids are generated to model tissue-level organization and network dynamics.

These patient-derived neurons and organoids are then used to characterize disease mechanisms: for example, identifying whether a patient’s cells exhibit predominant lysosomal impairment, mitochondrial stress, or synaptic dysfunction. Candidate drugs, including small molecules, gene therapies, or immunotherapies, are tested directly on these patient-specific models to assess their ability to rescue cellular phenotypes. The combination of stratification data and in vitro responses guides the selection of treatments most likely to benefit each patient or subgroup. Over time, feedback from clinical outcomes can refine the pipeline, improving prediction accuracy and therapeutic matching.

4B. Rodent models, though invaluable, cannot capture the full spectrum of human PD heterogeneity. They often rely on overexpression of human α-syn or toxin-induced lesions, which do not fully reproduce human Lewy body structure, regional vulnerability, genetic diversity, or disease time course. Moreover, rodent lifespan, immune responses, and brain organization differ significantly from humans. Personalized medicine aims to tailor treatment to individual human biology; thus, models based exclusively on rodents are not sufficient. Human-derived systems (iPSCs, organoids) reflecting each patient’s genetic background are required to build a truly patient-centered pipeline.






Question 5 – Lewy Body Diversity and Its Implications
5A. Describe two important morphological or biochemical variations observed in Lewy bodies in human Parkinson’s disease brain tissue.
5B. Explain why this diversity challenges the assumptions behind classical rodent models of Lewy body pathology.
5C. Discuss how Lewy body heterogeneity supports the development of personalized therapeutic strategies.
5A. Morphologically, some Lewy bodies exhibit a dense, fibril-rich core surrounded by a lighter halo, while others appear more homogeneous or fragmented, with less defined architecture. Biochemically, Lewy bodies can differ in the proportion of full-length versus truncated α-synuclein, the extent of phosphorylation (e.g., pS129), and the presence of associated organelles such as mitochondria, lysosomes, and other vesicular structures. These variations indicate that Lewy bodies are not a single entity but a spectrum of inclusion types.

5B. Classical rodent models typically generate inclusions by overexpressing human α-syn in dopaminergic neurons, which often leads to relatively simple aggregates that do not recapitulate the complex layering, organelle content, and associated proteome of human Lewy bodies. As a result, conclusions drawn from such models may not fully reflect the diversity of human pathology. This challenges the assumption that a single rodent model can represent all forms of PD pathology and suggests that multiple, complementary models are needed.

5C. Lewy body heterogeneity suggests that different mechanisms drive inclusion formation and toxicity across patients. For some, lysosomal or mitochondrial components may dominate; for others, synaptic or cytoskeletal elements may be more affected. Personalized therapeutic strategies can be designed to target the specific pathogenic processes predominant in a given patient, such as enhancing lysosomal function in patients with organelle-rich Lewy bodies or modulating kinase pathways in those with high phosphorylation levels, rather than applying a universal approach that may only suit a subset.





Question 6 – iPSCs: Advantages, Limitations & Therapeutic Use
6A. List and briefly explain three major advantages of using patient-derived iPSCs for neurodegeneration research.
6B. List and briefly explain three important limitations of iPSC-based models.
6C. Describe how iPSC-derived dopaminergic neurons are being used in emerging therapeutic strategies for Parkinson’s disease.
6D. Explain the importance of isogenic controls when using iPSC-based disease models.
6A. 
• Patient specificity: iPSCs carry the exact genetic background of the donor, including disease-causing mutations and risk alleles, allowing researchers to model patient-specific disease mechanisms.
• Pluripotency and versatility: iPSCs can differentiate into various neural cell types relevant to neurodegeneration, such as dopaminergic neurons, cortical neurons, motor neurons, astrocytes, and microglia, enabling comprehensive investigation of cell-type–specific vulnerability.
• Unlimited expansion and reproducibility: iPSCs can self-renew indefinitely, providing a stable and scalable source of human cells for repeated experiments, drug screening, and mechanistic studies, all under standardized conditions.

6B. 
• Loss of aging and environmental history: iPSCs are rejuvenated and lack the age-related and environmentally-induced epigenetic changes that are crucial for late-onset diseases.
• Developmental immaturity: Differentiated iPSC-derived neurons often resemble fetal or immature neurons in their electrophysiological and metabolic profiles, which may not fully capture the properties of aging neurons.
• Variability and technical complexity: Reprogramming efficiency, differentiation protocols, and line-to-line variance can introduce experimental noise and require careful optimization and standardization.

6C. iPSC-derived dopaminergic neurons are being explored both as disease models and as cell-replacement therapies. In the therapeutic context, dopaminergic progenitors derived from iPSCs are transplanted into the striatum of PD patients to replace lost nigrostriatal neurons and restore dopaminergic signaling. Early-phase clinical trials are assessing safety, viability, and preliminary efficacy of such approaches, with the long-term goal of providing a durable, disease-modifying treatment.

6D. Isogenic controls are genetically identical cells that differ only at a specific locus of interest (e.g., a mutation corrected by CRISPR/Cas9 or introduced into a control line). Using isogenic pairs eliminates most background genetic differences, allowing researchers to attribute observed phenotypes directly to the mutation or variant being studied. This greatly strengthens causal interpretation and improves the reliability of conclusions drawn from iPSC-based models.
Question 7 – Organoids: Advantages & Limitations in More Detail
7A. Provide two key advantages of organoids specifically for modeling neurodegenerative diseases.
7B. Provide two key limitations that affect interpretation of organoid data in the context of human disease.
7C. Explain how data from organoids and 2D neuron cultures can be integrated to support personalized approaches.
7A. 
• Organoids simulate 3D brain microenvironments where neurons and glia interact in a manner closer to in vivo conditions. This is particularly useful for studying processes such as protein spreading, network synchronization, and glial contributions to neurodegeneration.
• Organoids can be tailored to specific brain regions (e.g., midbrain, cortex, hippocampus), allowing modeling of region-selective vulnerability that characterizes many neurodegenerative diseases (dopaminergic neuron loss in PD, cortical layer degeneration in AD).

7B. 
• Developmental stage: As organoids reflect early developmental stages, their neurons are not fully mature or aged, which limits their ability to recapitulate the full spectrum of late-onset pathologies.
• Technical constraints: Lack of vascularization, batch-to-batch variability, limited diffusion of drugs and nutrients, and difficulties with deep-tissue imaging and electrophysiology complicate quantitative analysis and make it challenging to standardize results across experiments and laboratories.

7C. Data from 2D cultures can identify cell-intrinsic vulnerabilities, quantitative drug responses, and precise molecular changes at single-cell resolution. Organoid data provide insight into how these vulnerabilities manifest in a tissue context, including effects on network activity, cell–cell communication, and emergent phenotypes such as propagation of pathology. Combining both sets of data helps build a robust, multi-layered understanding of each patient’s disease and refines predictions of which treatments are most likely to be effective.





Question 8 – Integrated Personalized Medicine for NDDs
8A. Propose an integrated personalized medicine strategy for a neurodegenerative disease of your choice (e.g., PD or AD), using concepts from patient heterogeneity, iPSCs, and organoids.
8B. Discuss why traditional, uniform treatment strategies are unlikely to achieve optimal outcomes in this context.
8A. For Parkinson’s disease, an integrated personalized medicine strategy would begin with detailed phenotyping of each patient: clinical subtype classification, genetic testing for known PD-related variants, and biomarker assessment (imaging, CSF or blood markers). Based on this information, patient cells are reprogrammed into iPSCs and differentiated into dopaminergic neurons and perhaps other relevant cell types (cortical, autonomic, enteric neurons). Midbrain organoids derived from the same iPSCs allow examination of 3D circuit properties and protein aggregation in a more physiological context. Candidate therapies—such as small molecules, gene therapies, or immunotherapies—are then tested on these patient-derived 2D and 3D models to identify which compounds correct the cellular phenotypes. The treatment regimen chosen for the patient is guided by both their biological stratification and their cells’ responses in vitro, and clinical follow-up data are used to refine the strategy over time.

8B. Traditional, uniform treatment strategies assume that all patients with the same diagnosis share essentially the same disease mechanism. In neurodegenerative diseases, this is demonstrably false. Heterogeneity in genetics, pathology, environmental exposures, and comorbidities means that a single drug may be highly effective in one subgroup but minimally effective or even harmful in another. Uniform strategies also fail to consider the stage of disease at which a therapy is administered, which is critical for interventions aimed at slowing or preventing neuronal loss. Personalized approaches that incorporate patient-specific data and human cellular models are therefore far more likely to achieve meaningful and durable therapeutic benefit.








Question 9 – Environmental & Lifestyle Factors in Neurodegenerative Diseases
 9A. Provide a comprehensive explanation of how environmental and lifestyle exposures (such as pesticides, heavy metals, air pollution, infections, or microbiome dysbiosis) contribute to patient-to-patient heterogeneity in neurodegenerative diseases, despite shared clinical diagnoses.
9B. Discuss in depth how environmental exposures interact with genetic susceptibility to shape individual disease trajectories in conditions such as Parkinson’s disease or Alzheimer’s disease.
9C. Explain, with detailed justification, what aspects of environmental influence can and cannot be modeled using patient-derived iPSCs and organoids.
9A. Environmental and lifestyle exposures introduce inter-individual variability by engaging cellular stress pathways that differ in both magnitude and duration from one patient to another. Pesticides such as rotenone and paraquat impair mitochondrial complex I and induce oxidative stress; heavy metals disrupt proteostasis and alter neuronal excitability; chronic air pollution increases neuroinflammation and blood–brain barrier dysfunction. Viral or bacterial infections prime microglia and modulate systemic cytokine profiles, sometimes years before disease onset. Dysbiosis of the gut microbiome affects vagal signaling, immune activation, and metabolite production. Because exposure levels, timing, and combinations differ across individuals, these factors contribute substantially to heterogeneity in onset age, dominant symptoms, progression rate, and vulnerability of specific neural circuits.

9B. Gene–environment interactions are key determinants of neurodegeneration. Genetic risk variants influence how cells respond to environmental stressors. For example, GBA mutations impair lysosomal degradation, making dopaminergic neurons more susceptible to pesticides that increase α-syn accumulation. LRRK2 mutations alter kinase activity and immune signaling, potentially modifying inflammatory responses to infections or pollutants. APOE4 carriers exhibit heightened vulnerability to metabolic and inflammatory insults, accelerating amyloid and tau pathology in AD. Thus, genetics modulate sensitivity thresholds, while environment supplies the stress load, producing unique trajectories even among genetically similar patients.

9C. iPSCs and organoids enable modeling of specific environmental stressors under controlled conditions, such as exposing patient-derived neurons to pesticides, inflammatory cytokines, metabolic stressors, or microbial metabolites. This allows mechanistic dissection of how patient-specific genetics shapes cellular responses. However, they cannot model lifetime cumulative exposure, chronic low-dose interactions, systemic immune responses, vascular contributions, or microbiome–brain communication involving hormones or metabolites filtered through organs. Therefore, they capture acute mechanistic interactions but not the full ecological complexity of environmental influences.

Question 10 – Biomarkers and Disease Stratification
10A. Provide a detailed explanation for why classical biomarkers (e.g., loss of dopaminergic terminals in PD, amyloid accumulation in AD) fail to capture the mechanistic heterogeneity observed across patients.
10B. Discuss the consequences of relying on such biomarkers for diagnosis, patient stratification, and clinical trial design.
10C. Explain how human-derived iPSC and organoid platforms can contribute to the discovery of next-generation mechanistic biomarkers.
10A. Classical biomarkers often reflect end-stage or downstream consequences of neurodegeneration rather than the upstream mechanisms responsible for disease initiation and progression. Dopamine-terminal loss in PD occurs only after a large proportion of dopaminergic neurons have already died and does not differentiate between lysosomal-driven, mitochondrial-driven, or inflammation-driven subtypes. Similarly, amyloid accumulation in AD does not correlate consistently with cognitive impairment and cannot distinguish between amyloid-dominant, tau-dominant, or mixed-pathology subtypes. As a result, classical biomarkers flatten mechanistic diversity into a single category, masking biological subtypes that require different therapeutic strategies.

10B. When diagnosis and clinical trials rely on oversimplified biomarkers, patient cohorts become biologically mixed, containing individuals with different pathogenic drivers. This reduces the ability to detect therapeutic efficacy, as only a subset of patients may respond to a mechanism-specific drug. It also leads to misdiagnosis, delayed interventions, and inappropriate trial inclusion. Such heterogeneity contributes to repeated therapeutic failures in neurodegenerative disease trials.

10C. Human-derived iPSC and organoid models reveal mechanistic phenotypes directly connected to patient genetics and cellular dysfunctions. Transcriptomic signatures of lysosomal impairment, mitochondrial stress indicators, protein aggregation propensities, synaptic dysfunction markers, and inflammatory responses can all serve as candidate biomarkers. These mechanistic biomarkers are more likely to predict therapeutic responsiveness because they reflect the biological processes that cause disease rather than late-stage consequences.





Question 11 – Selective Neuronal Vulnerability
11A. Define selective neuronal vulnerability and explain why it is a central concept in neurodegeneration.
11B. Provide two detailed examples of selective vulnerability in PD or AD and describe the underlying mechanisms that contribute to this vulnerability.
11C. Explain how brain organoids can be used experimentally to investigate mechanisms of selective vulnerability.
11A. Selective neuronal vulnerability refers to the phenomenon where certain neuronal populations degenerate earlier or more severely than others, even when disease-associated proteins (such as α-syn or tau) are broadly expressed. This suggests that intrinsic cellular features—such as metabolic load, axonal morphology, calcium dynamics, proteostatic capacity—and extrinsic factors such as glial support or regional circuitry influence susceptibility.

11B. In PD, substantia nigra dopaminergic neurons are highly vulnerable due to autonomous pacemaking activity, broad axonal arborization, high oxidative stress, dopamine metabolism, and relatively low calcium-buffering capacity. In AD, entorhinal cortex layer II neurons are among the earliest affected due to their extensive connectivity, high metabolic demand, and susceptibility to tau-mediated disruption of microtubule stability.

11C. Organoids differentiated into specific regional identities (midbrain, cortex, hippocampus) allow researchers to examine differential susceptibility under controlled stressors such as Pre-formed fibrils (PFF) exposure, oxidative stress, or metabolic challenge. By comparing how different neuronal subtypes degenerate or resist stress within the same 3D structure, organoids help reveal intrinsic and extrinsic determinants of vulnerability.







Question 12 – Limitations of Personalized Cell Models and How to Overcome Them
12A. Identify and elaborate on two major limitations of using patient-derived iPSC or organoid models in personalized medicine.
12B. Discuss how these limitations may lead to inaccurate therapeutic predictions in preclinical testing.
12C. Propose detailed strategies to overcome or mitigate these limitations.
12A. First, iPSC-derived neurons are developmentally immature and lack the epigenetic and metabolic hallmarks of aging, which are essential for modeling late-onset diseases. Second, organoids suffer from batch variability, developmental inconsistency, and lack of vasculature, leading to heterogeneous maturation and hypoxic regions that distort physiology.

12B. Immature neurons may respond positively to therapies that would not benefit aged neurons, producing false-positive outcomes. Likewise, age-dependent pathologies such as mitochondrial decline or progressive protein aggregation may not manifest, resulting in false-negative conclusions that dismiss potentially effective interventions.

12C. Strategies include artificial aging (progerin expression, oxidative stress, telomerase inhibition), integration of direct-converted neurons, vascularized or microfluidic organoids, standardized organoid bioreactors, and multi-omic profiling to distinguish biological variance from technical noise. Combining multiple patient-derived systems reduces model-specific artifacts and increases predictive accuracy.

