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Summary

Most cases of Alzheimer’s disease (AD) are late-onset dementias (LOAD). However, research on AD is predominantly
of early-onset disease (EOAD). The determinants of EOAD, gene variants of APP and presenilin proteins, are not the
basic precursors of LOAD. Rather, multiple other genes and associated cellular processes underlie risk for LOAD.
These determinants could be modified in individuals at risk for LOAD well before signs and symptoms appear.
Studying brain cells produced from patient-derived induced-pluripotent-stem-cells (iPSC), in culture, will be
instrumental in developing such interventions. This paper summarises evidence accrued from iPSC culture models
identifying the earliest occurring clinically targetable determinants of LOAD. Results obtained and replicated, thus
far, suggest that abnormalities of bioenergetics, lipid metabolism, digestive organelle function and inflammatory
activity are primary processes underlying LOAD. The application of cell culture platforms will become increasingly
important in research and also on LOAD detection, assessment, and treatment in the years ahead.
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Introduction

Alzheimer’s disease (AD), which accounts for 60%-80%
of dementias, is typified cognitively by increasing defi-
cits of memory and spatial orientation and structurally
by neuronal loss and brain shrinkage.! AD is also
associated with toxic beta-amyloid (Ap) oligomers and
hyperphosphorylated-Tau proteins (hpTau), forming
senile plaques (SPs) and neurofibrillary tangles (NFTs),
respectively, in brain.’

Individual cognitive and structural changes and
age of onset of AD are variable.? AD before age 65 is
uncommon and usually associated with highly pene-
trant single-gene variants of the amyloid precursor
protein (APP) or presenilins (PSEN1 or PSEN2)
leading to accelerated accumulation of Af. Cases of
‘Early-Onset Alzheimer’s disease’ (EOAD) cluster in
families and EOAD is sometimes called familial AD.
We focus on common forms of AD, occurring at
greater prevalence in every decade after age 65, and
not associated with APP and PSEN gene variants. Late
onset Alzheimer’s disease (LOAD) is sometimes
called sporadic, but it is associated with genetic
predisposition, with an estimated heritability of
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60%-80%, and may occur in multiple family mem-
bers.’ LOAD represents about 95% of all AD and over
half of all dementias.

In early symptomatic AD, long-axon cholinergic
neurons are prominently affected, and for decades,
standard treatments were acetylcholinesterase in-
hibitors, which enhance cholinergic neurotransmission.
However, cholinesterase inhibitors have only modest
therapeutic effects, along with notable peripheral and
off-target side effects.* More recent is the development
of antibodies designed to target and remove AP. But
they, too, have modest therapeutic effects and substan-
tial, even life-threatening, side effects.” New approaches
to reduce plaques and tangles, including testing anti-
bodies to hpTau, are being explored. And other causes
or concomitants of neurodegeneration, specifically
heightened inflammation and mitochondrial deficits,
are receiving attention as therapeutic targets.” None of
these attempts have yet revealed a treatment with clear
therapeutic effects.

Thus far, those receiving treatments have signs and
symptoms, and none of the agents used are reparative
for damage that has occurred from underlying patho-
logical mechanisms.”* Where possible, reducing risk of
illness or preventing illness are more desirable in-
terventions than treating existing illness.* Since LOAD
appears late in life, there is time to reduce risk if early
precursors of disease are detectable and can be
modulated.

Check for
updates
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Inherent factors underlying risk for LOAD include
numerous genetic determinants and multiple cellular
processes.” These are often studied in the context of
early symptoms, but some are abnormal from the start
of life and can be explored effectively in vitro.” Trans-
lational preclinical and clinical studies of promising
interventions will follow.*

Genes associated with risk for AD

The most basic inherent determinants of AD are genes
associated with illness.*® Genetic precursors for EOAD
usually include single gene variants in APP and PSEN1/
2, and the pathway to neurodegeneration goes largely
through misprocessing of APP, accumulation of AP
oligomers, and formation of SPs. Production of NFTs is
partly a downstream effect of toxic Ap oligomers. Other
factors, while they may alter the onset or course of
illness, do not ultimately determine much of the risk of
EOAD.

For LOAD, as opposed to EOAD, causative roles for
AP and hpTau are less clear. SPs and NFTs occur in
LOAD, but also in normal ageing. 20%-40% of non-
demented elderly individuals have neuropathological
changes similar to those seen in LOAD.’

The most common single-gene variants associated
with LOAD are in APOE. About 25% of people carry one
copy of APOE4, while 2-3% carry two copies. By com-
parison, 40%—-65% of patients with AD carry the APOE4
gene. APOE4 is not fully determinative, however, a
single copy of E4 increases risk for AD 3-4 fold and
homozygosity increases risk 12-fold.” The E3 variant is
most common, and the E2 variant is associated with
decreased risk for LOAD. The association of the E4
variant with LOAD suggests that altered lipid meta-
bolism is involved in risk. However, the mechanistic
path is not simple (see below).

Other single genes associated with LOAD have been
observed,*" though no common variant is highly
determinative of illness. A recent meta-analysis reports
72 gene loci associated with LOAD.® A few variants,
specifically, alleles of TREM2, which codes for a puri-
nergic receptor regulating calcium signalling and
motility in microglia, and SORLI, a regulator of endo-
somal trafficking, determine a substantial portion of
risk, estimated at 2—4 fold for TREM2"* and 12-fold for
SORL1.” However, these variants, while suggesting
biochemical pathways to LOAD, are rare. In addition to
GWAS, cell culture studies (discussed below) identified
genes that contribute to risk for LOAD, including RE1
Silencing Transcription Factor (REST),'* protein phos-
phatase 1 (PP1),"” polycomb ring finger 1 (BMI1),"
Transgelin 3 (TAGLN3),” and Runt-related transcrip-
tion factor 2 (RUNX2)."®

Computational and functional gene network analyses
have revealed several key pathways or metabolic pro-
cesses underlying risk. These include lipid/cholesterol

metabolism, immune functions of astrocytes and
microglia, mitochondrial function and oxidative stress
response, glucose metabolism and insulin response,
protein processing, including processing of APP and
Tau, and interacting elements of phagocytosis, endocy-
tosis, and autophagy, including mitophagy, the diges-
tion of damaged mitochondria.®">*

Other approaches to identify risk factors
Studies on post-mortem brain tissue or surgical bi-
opsies, imaging studies, epidemiologic studies, and
studies of LOAD-associated physiologic markers in CSF
and blood have all reported promising findings.”** They
observe anomalies in many pathways of risk suggested
by genetics, including abnormalities of lipid meta-
bolism, membranous structures, and sub-cellular or-
ganelles, dysregulation of glucose metabolism,
mitochondrial dysfunction, abnormalities in immune
and inflammatory processes, and vascular pathology.
This concordance is promising. However, the order
of appearance and interactions among different risk-
determining factors is not well characterised. Defining
the earliest departures from health and the cascade of
subsequent events would be of great value for identifi-
cation of individuals at risk and for developing preven-
tive interventions. An approach using cell lines obtained
from patients with LOAD has begun to be pursued for
these purposes. Such lines, usually fibroblasts from skin
biopsies or cells from blood samples, can be analysed
directly or reprogrammed to induced pluripotent stem
cell (iPSC) lines, then differentiated, in vitro, to brain
cells. Studying neural precursor cells (NPC) and their
terminal derivatives, neurons and glia, can reveal the
inherent anomalies underlying subsequent develop-
ment of LOAD. Since iPSC replicate an embryonic-like
state and lack age-associated epigenetic signatures,”
their derivatives lack epigenetic markers accrued dur-
ing life. Any abnormalities observed in these cell lines
reflect premorbid factors associated with LOAD, not the
consequences of ageing, diet, or experiences, including
trauma or infection, or illnesses and their treatment.
Cellular abnormalities are true precursors that interact
with one another in the context of subsequent events to
determine illness. Protective interventions targeting
these precursors may be achievable long before neuro-
degeneration or even premonitory symptoms occur.

Studies of iPSCs from patients with LOAD
Numerous studies of iPSC lines derived from patients
with AD have been published.”* Of note in these
compilations, far fewer papers report results using lines
from patients with LOAD than patients with EOAD.
And most studies emphasise measures of Ap, though
some detect hpTau. Greater focus on LOAD and factors
in addition to APOE seems warranted.
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As noted, iPSC-derived neurons and glia are termi-
nally differentiated cells. Although they retain some
juvenile characteristics,”® they represent cell types
similar to those in living brain. (Even NPCs, which are
immature cells, occur in mature brain.) They lack most
epigenetic markers accumulated by brain cells during
life.*' For this reason, studying iPSC-derived brain cells
does not model ageing. Rather, the lines are suitable for
studying inherent factors underlying illnesses,
including illnesses that occur with ageing. Organoids,
produced in some studies, are embryo like as a whole,
but they also contain differentiated neurons and glia.
Neurons in organoids do not fully replicate those in
living brains, even brains at birth,”” but they may be
more similar to those in living brain than cells in
monocultures.**

For comparison, genomic studies performed on
DNA isolated from patients are widely accepted as
identifying gene variants underlying risk for LOAD.
Similarly, studying iPSC derived from patients identifies
inherent factors associated with risk for LOAD. Neither
gene association studies nor studies of iPSC-derived
brain cells model ageing. Respectively, their results
suggest inherited and inherent factors associated with
risk for LOAD with age.

Studies that included lines from patients with LOAD
are categorised and summarised in Table 1. Emphasis is
placed on identifying the earliest processes underlying
LOAD and observing whether the findings replicate
across studies.

Most work has been on iPSC-derived neurons. There
are reports on NPCs, astroglia, or microglia. Although
oligodendrocytes participate in the development of
LOAD,”**> only one study investigated oligodendro-
cytes.”® A few investigations used spheroids, organoids,
or scaffold-based 3-D cultures, with the latter two
models containing multiple interacting cell types.*
One study produced epithelial cells and astrocytes to
model the blood brain barrier and its interaction with
brain cells.’® All studies in Table 1 include lines from
healthy control subjects. Some had comparison lines
from patients with EOAD. Those subjects bore variants
of APP or PSEN1. Most investigations contained small
numbers of independent lines, ranging from 1 to 16 per
subject group. One study, designed to define genetic
determinants of A production in LOAD, examined 102
lines, but lacking control lines, its results cannot be used
to determine differences between LOAD and control
cells.” Experiments including control lines used, on
average, only 2.5 lines from patients with LOAD, too few

pathway activity

Total studies 1 15

Total LOAD cell lines 9 32

LOAD lines used in those studies are provided at the end of each row.

Arnaud 2022" [4]

Xu 2019 [2]
TCW 2022°# [8]

4 2

14 11

Abnormal factor NPCs Neurons Astrocytes Microglia Organoid/multicell  Total studies Total cell
per factor lines per factor
Lipid metabolism TCW 2022°4 [8] TCW 2022°* [8] 1 8
Energy metabolism  Ryu 2021, 20227%%° [9]  Birnbaum 2018° [5]  Ryu 2021, 2022”%3° [9]  Konttinen 2019%° [3] 4 22
Chen 2018% [5]
Oxidative stress Kondo 2013°° [2] Kondo 2013*° [2] Konttinen 2019°° [3]  Rouleau 2020** [1] 8 18
response Hossini 2015 [1] Zhang 2020 [1]
Ochalek 2017%* [4]
Zhang 2020* [1]
Birnbaum 2018°° [5]
Balez 2016* [1]
Glutamatergic stress Duan 2014% [1] 3 5
response Balez 2016™ [1]
Balez 2024 [3]
Calcium flux Duan 2014% [1] 3 5
Balez 2016™ [1]
Balez 2024 [3]
Endo-/Phagocytosis Israel 2012 [2] Konttinen®® 2019 [3]  Zhao 2020° [10] 8 25
Auto-/Mitophagy Hossini 2015 [1] Xu 2019% [2]
Fang 2019 [1]
Mei 2023% [3]
Verheijen 2022°° [3]
Inflammatory Chen 2018% [5] Jones 2017°” [1] Konttinen®* 2019 [3] 6 23

Reports are organised by cell type or multicell culture (columns) and the abnormal factor observed (rows). In the boxes, studies are identified by first author and superscript citation, followed by the number
of LOAD iPSC lines used in each study, in brackets. Totals of studies of each cell/culture type and LOAD lines used are provided at the bottom of each column. Total of studies of each factor and total of

Table 1: Studies using iPSC lines from patients with LOAD and healthy control subjects.
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to be more than exploratory. The majority of studies
reprogrammed fibroblast lines, but some used periph-
eral blood mononuclear cells (PBMC). Most used pro-
tocols that mimic normal development; specifically,
iPSC differentiated to NPCs further differentiated to
brain cell types. However, several neuronal studies
genetically engineered iPSC or NPCs to overexpress
neurogenin 2 (NGN-2), causing forced neurogenesis.

Findings, by culture type, on factors underlying
LOAD

Studies on NPCs revealed abnormalities in energy pro-
duction, cell proliferation, and neurogenesis.”'*** One
study reported early neuronal differentiation of LOAD
NPCs and disrupted nuclear lamina structure, which
was partly attributed to diminished nuclear REST, a
transcriptional repressor and central regulator of
neuronal differentiation.’* Another study reported
decreased neurogenesis due to induction of a senes-
cence state in NPCs and altered BMP4-SMAD1/5/9-
RUNX2 signalling during neuronal cell development
in LOAD-derived lines."

Common findings in neurons produced from iPSC of
patients with LOAD included disturbances in lipid, en-
ergy, and RNA metabolism, as well as altered calcium
signalling* and accelerated neuronal fate commitment
and maturation, with altered synaptogenesis or synaptic
vesicle regulation.'******* Diminished neurogenesis was
sometimes but not always observed.”'* Other findings
included deficits in endocytosis, phagocytosis, auto-
phagy or mitophagy,***~° and increased vulnerability
to toxic factors, such as oxidative,’****** glutamate-
induced,”** and other stresses.’®**>**-° There was an
indication of reduced excitatory cortical or cholinergic
neuronal development, while GABAergic neuron
development was increased.” Several studies reported
concordance between findings in iPSC-derived neuronal
lines and post-mortem results in the same individuals.
This includes Verheijen et al.”” observing abnormalities
in metabolism of cholesterol and other lipids in cortical
neuron lines, and Balez et al.** observing abnormalities
of NOS and calcium signalling in glutamatergic neu-
rons. Lagomarsino®” observed overlapping transcrip-
tional profiles and signalling pathways within cells.
Chen et al.”” reported proteomics analyses of iPSC-
derived neurospheres and post-mortem brain tissue
from the same subjects with LOAD that revealed evi-
dence of altered immune response, as well as abnor-
malities in myelin sheath proteins, mitochondrial
activity, and antioxidant pathways.

Studies on astrocytes revealed findings similar to
those reported in neurons or NPCs, including dysre-
gulated lipid (including cholesterol) metabolism,* en-
ergy metabolism,”*** and increased stress responses.”
Abnormal morphological characteristics and an accel-
erated differentiation from NPCs were also observed in
astrocytes from patients with LOAD.” Of note,

astrocytes participate in immunologic responses in the
brain, and LOAD-associated astrocytes exhibited an in-
flammatory phenotype.'”*>

Regarding microglia, LOAD-associated cells exhibited
increased stress responses when exposed to oxidative
stress or lipopolysaccharides.”*** Cells from patients
with LOAD also had increased lipid (cholesterol) meta-
bolism and catabolism, cytokine production, and
phagocytosis, as well as reduced cell migration. >+

Two studies used 3-D cultures containing mixed cell
populations. One reported accelerated neurogenesis and
exacerbated apoptosis in cerebral organoids from LOAD
lines.” These abnormalities were synergistically
increased in APOE4 carriers. There were indications
that LOAD organoids exhibited dysregulated signalling
pathways related to ER stress, axonal guidance, inflam-
matory response, RNA metabolism, and lysosomal
stress granule formation. A separate study used 3-D silk-
based scaffolds, on which iPSC-derived neural and glial
cells were co-cultured for two years.” Markers of mito-
chondrial stress and cell toxicity, and reduced neuronal
electrical activity, were observed comparing one LOAD-
derived with one control cell line.

Studies addressing production of Af and hpTau
Several investigations assessed secreted or intracellular
amounts and proportions of Ap and hpTau. Most ana-
lysed neurons. Across studies presenting data by indi-
vidual cell line, elevated AB (AB4o, AB4z) or APy 40 Tatios,
or elevated tTau, pTau, or pTau/tTau ratios were only
found in 25% or 16% of LOAD lines,
respectively.'>101830394143.45,47.505961 - Eleyated levels were
more often observed with greater duration of culture,
suggesting that increases in abnormal peptides are a
consequence of more basic preceding mechanisms. In
neurons with increased Ap, some toxic effects could be
found, e.g., aberrant endosomes, synapse alterations,
cell stress, increased GSK3b activity, and elevated
hpTau, though these may also reflect other LOAD-
associated mechanisms, not just the presence of toxic
AP peptides. Four studies looked for evidence of con-
nections between production of AP and hpTau; two
observed such connections,"”* two did not.'** In the
study using 102 lines from patients with LOAD, no as-
sociation was observed between APOE genotype and
production or ratios of AP, and AP, in iPSC-
differentiated neurons.”’

In addition to studies in neurons, elevated Af 4o was
reported on average of 5 LOAD NPC lines." Increased
AP4z/40 and pTau/tTau ratios were observed in long-
term neuron-glia co-cultures.’® Elevated Afsy, APay,
tTau, and pTau and their ratios were reported in orga-
noids from 10 LOAD iPSC lines.”* Organoids require
longer culture times, allowing secondary or delayed
features of development to appear. The organoid study
also investigated correlation of abnormal peptide pro-
duction with APOE genotype. No significant
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associations of Ap peptides with APOE were observed.”!
In contrast, APOE4 genotype correlated with higher
pTau/tTau ratios. Also, APOE4 related pTau accumula-
tion was independent of Af peptide changes. Isogenic
conversion of APOE4 bearing LOAD lines to E3 ho-
mozygosity (see Dbelow) attenuated apoptosis and
increased AP and pTau metabolites. Taken together, it
appears that production of Af and Tau only occurs in
differentiated cells from a small fraction of LOAD iPSC
lines, and these peptides accumulate later in cell culture.
In addition, there is little evidence of a strong functional
effect of toxic AP peptides on Tau phosphorylation.
Rather, hpTau levels seem to be associated with APOE4.

Studies addressing effects of APOE or other LOAD-
associated gene variants in gene-edited cell lines

Studies using APOE-defined iPSC lines to identify the
earliest factors underlying LOAD are presented in
Table 2. Several investigations converted E3—E4 in lines
from healthy subjects or converted E4 to E3 haplotype in
lines derived from patients with LOAD. Findings
demonstrate that APOE4, compared to APOE3 or E2,
has  pro-inflammatory and  immune-activating
effects, 7+ dysregulates bioenergetic and lipid
(cholesterol and triacylglycerol) metabolism,**** and
disrupts endocytosis.”> APOE4 also directly or indi-
rectly perturbs multiple other cell functions. It is asso-
ciated with decreased neuronal excitability and astrocytic
glutamate uptake, but enhancement of synapse activity,
Ca™ mobilization, endosome formation, astroglio-
genesis, neuronal maturation, GABA neuron degener-
ation, and phagocytosis. Illustrating the interactions
among LOAD precursors, APOE4 appears to regulate
LOAD-associated genes, including TREM2" and

REST," while APOE is regulated, in turn, by LOAD risk
factors, such as SORL1.” In addition, the E4 haplotype
alters APP processing and AP metabolism along with
increasing both Ap and hpTau, by partly independent
pathways, as seen in LOAD cell studies.’***6¢¢

In separate studies, investigators compared micro-
glia derived from healthy individuals homozygous for
either the E3 or E4 haplotype. APOE4 was associated
with abnormal cell morphology, including shorter pro-
cesses, and increased transition from a resting to a
reactive phenotype.*

Gene-edited cell lines allow targeted analyses against
an isogenic background, thereby isolating the effects of
single gene variants. They also offer alternatives when
lines from patients with rare mutations are not readily
available, as seen in investigations on SORL1*** and
TREM2.” However, these reprogrammed cells may not
carry other gene variants associated with LOAD risk and
required for the development of LOAD. While useful for
studying single gene effects, they do not model the
complement of genes observed in cells from people with
LOAD. Also, while results from studying isogenic iPSC
lines imply full penetrance of mutations for some
biochemical changes in vitro, full penetrance does not
generally occur in vivo. Rather, various individual ge-
netic backgrounds drive much of the LOAD
phenotype.**!

Lessons from the studies as a whole

Overall, the results suggest that all the factors identified
as relevant in past studies of LOAD can be observed and
characterised in iPSC-derived cell lines. Specifically,
abnormalities in lipid and energy metabolism, stress
response, cell growth and differentiation, inflammation,

Abnormal factor NPCs  Neurons Astrocytes Microglia Organoid/multicell ~ Total studies  Total cell
per factor lines per factor
Lipid metabolism TCW 2022°* [4]  Lee 2021 [1] TCW 2022°% [4] 4 10
Lin 2018% [2]
TCW 2022%* [4] de Leeuw 2022 [3]

Energy metabolism

Oxidative stress

response

Glutamatergic stress

response

Calcium flux

Endo-/Phagocytosis Lin 2018% [2] Lin 2018% [2] Lin 2018% [2] 4 17
Auto-/Mitophagy Narayan 2020%° [2] de Leeuw 2022° [3]  Moser 2023%* [10]

Inflammatory TCW 2022°* [4]  Lin 2018% [2] Lin 2018 [2] 4 20
pathway activity Arnaud 2022" [1] de Leeuw 2022 [3] TCW 2022° [4]

Moser 2023°* [10]

Total studies 2 6 3

Total LOAD cell lines 6 14 16

Included are studies that use isogenic APOE lines generated from healthy individuals or from patients with LOAD, as well as results from studies using iPSC lines derived from APOE haplotype carriers. In
some studies, a combination of such APOE-specified lines was used. Organization and meaning of the items in the table is the same as in Table 1.
Table 2: Studies focusing on APOE genotype-defined iPSC lines.
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and endocytosis or autophagy/mitophagy have been re-
ported and replicated. In addition, the studies document
production of toxic Af oligomers and hpTau, notably, in
later stages of growth, so they appear to be downstream
of the earliest determinants of risk. The appearance of
these abnormalities in iPSC-derived lines, even in early
neural progenitor cells, suggest they are inherent pro-
cesses that underly risk and lead to illness in patients,
over time and with ageing. An illustration of how these
cellular factors may be related is provided in Fig. 1.

Limitations of the model

As discussed above, cells in culture do not fully replicate
the mature growth or interactions of cells in brain. Like
genomic studies, findings in cell culture only observe
abnormalities associated with LOAD. These variants or
processes are not influenced by environment or age,
though they may underlie abnormalities that occur
during ageing. Identifying such underlying factors is
their strength.

Cells from donors, reprogrammed to iPSC lines, and
grown out as differentiated lines or composites of lines
may accumulate genetic anomalies during culture.
Quality control measures limit these occurrences.
Studies using new outgrowths of lines or different lines
may yield results that are not replicable. LOAD, itself,
would appear to include disorders with various

Genes
Glucose

Proteins
Glycolysis

Mitochondria

Ca** »

underlying causes. In addition, LOAD is a clinical
diagnosis, with criteria that may be used differently in
different centers. Addressing heterogeneity thoroughly
in cell studies requires much larger samples than are
currently available.

Moving towards clinical use

LOAD is a ‘multi-hit’ disorder. Estimating risk and
developing interventions requires understanding how
inherent, extrinsic, and age-related risk factors are inter-
related.®** A key feature of LOAD is that accumulation
of plaques and tangles are associated with later decades
of life and not tightly associated with one another or
with illness.”” Determinants of pathology may already
occur during development and early life, and the factors
associated with LOAD are often involved in maintaining
brain health throughout life. For example, the brain has
very high energy demands, even in a resting state.”'”?
Energy production becomes compromised by age-
related changes in metabolic activity, including
alterations in glucose metabolism and mitochondrial
integrity and activity.”” Thus, it is not surprising that
many of the findings from the iPSC studies directly or
indirectly identify abnormalities related to energy
metabolism. Similarly, lipid abnormalities feature
prominently in LOAD. This includes evidence both of
inherent factors underlying altered lipid metabolism, as
observed in genomic and cell culture studies, and

~

Metabolites

AN ot

ATP

Needed to make all cell elements
and drive all processes

Processed cell

\ / / constituents

Digested cell
constituents

Misprocessed cell

constituents

Eg, Abeta and hpTau

Fig. 1: Interrelations of core factors underlying risk and development of LOAD. Schematic of very early appearing abnormalities associated with
LOAD. These factors were all reported in studies of iPSC-derived cells from patients with LOAD. Genetic variants underlie these abnormalities,
with multiple gene products likely determining each factor. Membranous organelles, mitochondria and autophagosomes, are placed centrally
because of their connections with other cellular elements. Arrows indicate production or processes. Red indicates abnormalities observed in the
LOAD-associated cells. The blue lightning-bolt arrow indicates that the APOE protein binds and transports lipids. (APOE has other interactions
not shown here.) Toxic proteins, such as Ap and hpTau, are not only produced by abnormal processes associated with LOAD, they also feedback
and interact with these same processes, interfering in multiple ways with cell membranes and core functions. Ca** storage and release from
mitochondria is shown, but Ca*™ is also stored and released from other sites. Abnormalities of cell signalling, cycle, growth, and morphology
seen in cells derived from patients with LOAD, are higher level anomalies that may largely be a consequence of dysfunctions of the elements
shown. External elements are also involved. For example, diet would feed into the model through glucose and lipids, in addition to providing
other metabolic precursors. Exercise is known to alter gene expression and resulting cellular metabolism.
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altered lipid accumulations observed in ageing and post-
mortem brain. Not only cholesterols, but also ceramides
and other lipids are present at abnormal levels in
LOAD.”* Membranes are mostly composed of lipids, and
membrane composition and integrity are crucial to all
brain functions, as all cell processes occur along, across,
and within membranes. In this regard, it is notable that
alterations of lipids and substantial anomalies of
membrane structure and composition have been
observed in cells from patients with LOAD. Synthesis
and processing of membranous elements is controlled
by cell signalling, including calcium flux, and requires
energy and the metabolic byproducts from energy pro-
duction. Importantly, these processes feed back into the
composition and function of all cell structures and
processes, including membranes. Early determinants of
LOAD, such as lipid dysregulation, abnormalities of
membranes and membranous elements, as well as en-
ergy production and use, could have profound impacts
on various other functions found to be abnormal,
including autophagy, intracellular signalling, immune
responses, and other aspects of cell function and brain
health. The consequences of alterations in these risk-
associated factors can apparently be tolerated in early
life. However, years of ageing provide time for inherent
risk factors, as described above, and external or lifestyle
risk factors, including diet, exercise, and environment,
to interact, resulting in various degrees of
neurodeterioration.**”*

SPs and NFTs may be such a common outcome of
LOAD-associated factors because accurate processing of
proteins, such as APP and Tau, and clearance of their
toxic derivatives, depend on the healthy interaction of
membranous, energy producing, regulatory, and in-
flammatory elements. And once AB and hpTau form,
they cause additional damage to cell membranes and
functions. This toxic feedback disposes to neuro-
degeneration. Further studies on cellular mechanisms
may identify control points to target for intervention,
inhibiting pathological processes at their source. For
example, APP interacts with cholesterols and with lipid
rafts containing cholesterols. These cholesterols and
lipid rafts, in ER and organelle membranes, may affect
APP processing and organelle activity, with broad con-
sequences for cell function and health.”® Various genes
associated with risk of LOAD, including but not limited
to APOE variants, and numerous cell processes alter
cholesterol content and distribution in membranes,
leading not just to misprocessing of proteins but also to
other dysfunctions of membranous organelles,
including mitochondria and their energy production by
respiration.”’

Future studies should continue to define genes un-
derlying LOAD-associated anomalies, pathological fea-
tures observed through imaging and blood work, as well
as environmental events that affect risk. But future
studies should also prominently include work with
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iPSC-derived lines. This work can and should be done
referencing and in combination with other approaches.
Genes of interest can be modified in cell lines, to test the
effect of these modifications on cell processes, as has
been done in studies of APOE in isogenic lines, as
described. In parallel with studies of iPSC-derived lines,
which eliminate epigenetic markers, brain cells which
retain epigenetic markers can be produced directly from
patient samples, by a process called transdifferentiation.
Comparing features of iPSC-derived lines and trans-
differentiated lines can reveal differences between
inherent and age, environment, or treatment related
factors. Mouse models can be added to complement
genomic and cell culture work. Notably, human cells,
derived from iPSC, with or without genetic modifica-
tions, can be implanted and studied in various other
organs or organisms.”

Even alone, cell culture studies have unique
strengths for identifying inherent risk factors and
discovering control points and targets to normalise
processes associated with LOAD. This can be done in
predominantly single cell cultures, assemblies of cells
from one patient, or in ‘villages’ of cells from multiple
donors,” to look for features shared and unique to cell
types, individuals, or diagnosis, as a whole. Examples of
the early use of cell-culture-based platforms for devel-
oping targeted interventions include studying the effects
of g-secretase inhibitors, performing compound
screens, and testing drugs or other substances
in vitro.?#7°6526% In addition to preclinical studies, cell
platforms can be designed to characterise specific risks
for LOAD in individual patients. In time, knowing
specific underlying factors in each case could guide the
prescription of personalised preventive or ameliorative
treatments.®

As summarised above, a variety of cell culture sys-
tems to study LOAD are already available. All cell types,
not just neurons, should be studied, separately and in
combinations, as all appear to play a role in determining
risk. Multicell systems can mimic cell-cell interactions,
such as those between neurons and glia. Organoids are
not only multicellular; they can mimic specific areas and
structures of the brain. Dual organoids can model inter-
regional connections and effects. Other systems under
development add features such as vascularity. Too few
studies have used these models to study LOAD.

While this review is focused on LOAD, we are aware
that there are no clear boundaries among neurodegen-
erative diseases. This is true clinically, where patients
may present with mixed symptoms, for example of
LOAD and Parkinson’s disease. Also, while the overlap
of genetic factors associated with these diseases is
modest, most neurodegenerative diseases show some
shared abnormalities at the cellular level, including in
energy metabolism, autophagy, and inflammation.”
Additional information on unique and shared pro-
cesses underlying these illnesses can be gained by
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comparing results obtained from iPSC-derived cells of
patients with these various diseases.

Conclusions

Studies must continue on ways to slow the progress of
existing AD. Similarly, better ways to support healthy
ageing and delay dementia should be sought. But for
LOAD, the search for interventions to address the
earliest, inherent, determinants of risk for illness should
be a high priority. More studies of APOE4 are impor-
tant, but many cases of LOAD are not associated with
APOEA4. Efforts to define other factors associated with
LOAD and develop other targets for intervention are
compelling.

The studies referenced above document likely
inherent determinants of LOAD. The concordance be-
tween genomic findings and results from reprog-
rammed cell lines strongly suggest that the factors
observed, including abnormal lipid metabolism, energy
production, autophagy, and inflammatory processes, are
the earliest precursors determining risk for LOAD.
Specific interventions to reduce risk can be designed
and may lead to prevention of illness on an individual
basis, well before neurodegeneration has advanced to a
clinical stage.

Outstanding questions
It will be important to determine how different inherent
cellular processes interact with one another to increase
or decrease risk for LOAD.

Associations between inherent factors, discovered by
genomic and cell culture studies, and later outcomes,
including those observed in clinical presentations, by
brain imaging, and in post-mortem studies, must be
explored. The results will identify how underlying fac-
tors are causally linked to outcomes, including ageing
and neurodegeneration.

The findings from such studies may reveal where in
the path from genetics, through cell processes, to brain
structure and function targetable elements lie that could
be modulated by drugs, lifestyle, or other interventions
to prevent, delay, or slow the development of LOAD.

Collecting data on all the parameters mentioned,
inherent, extrinsic, age-related, and clinical, may lead to
the identification of subtypes of LOAD, each with
different determinants and best addressed by different
clinical approaches.
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