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1. Introduction

In the quest to understand AD and find efficient thera-
peutic interventions, the dominant amyloid cascade
hypothesis [1,2] has been driven by several lines of evi-
dence including: 1) genetic evidence from familial forms
of AD (FAD), where fully penetrant mutations in the prese-
nilins (PSEN1 and 2) and the amyloid B precursor protein
(ABPP) genes are qualitative markers of disease [3]; 2) neu-
ropathological deposition of AB in senile plaques (SP) and
as cerebral amyloid angiopathy (CAA) is associated with
dementia in both FAD and sporadic AD (SAD) [4,5]; 3) evi-
dence from animal, cell culture and molecular mechanistic
models of AD mostly based on AD-associated genetic
mutations and 4) amyloid-based biomarker evidence that
has contributed to a biomedical/biological re-definition of
AD in research contexts [6]. Taken together, the evidence
is interpreted by the amyloid cascade hypothesis to give
AB, whether as alternative amino acid sequence lengths
or alternative aggregation states as monomers, dimers, oli-
gomers or fibrils, a causal role in the initiation and progres-
sion of dementia. However, over the decades this
interpretation has not been fully accepted by the AD
research community [7-9] and the hypothesis has not
yet delivered on its promise. The presenilin hypothesis
[10,11], an alternative hypothesis to understand the role
of the genetic mutations in AD, suggests disease initiation
and progression is related to the way mutations in PSENs
affect APP cleavages via complex patterns of gain and loss
of function. Both the amyloid cascade and presenilin
hypotheses currently focus on measures of A as markers
of disease progression, in effect reducing this complex pro-

* Corresponding author at: Cambridge Public Health, University of
Cambridge School of Clinical Medicine, Forvie Site, Cambridge Biomedical
Campus, Cambridge CB2 OSR, United Kingdom.

E-mail address: Seh66@medschl.cam.ac.uk (S. Hunter).

https://doi.org/10.1016/j.nbas.2021.100008
2589-9589/© 2021 The Authors. Published by Elsevier Inc.

teolytic system to measures of just a few components, (AR
(1-40) and Ap(1-42)).

Epidemiological population-representative, clinico-
pathological studies of brain ageing consistently find com-
plex relationships between dementia and neuropathology
that are further modulated by in-life factors such as age
and education [12-15] and consistently find cases with
severe neuropathology with no dementia and cases with
dementia and very little or no pathology. These complex
relationships coupled with the lack of a qualitative diag-
nostic feature potentially undermine some experimental
designs in dementia research [16] as neither cases nor con-
trols can be selected with certainty leading to selection
bias. Further, uncertainties in past and current AD research
deriving from factors relating to basic science such as
uncharacterised antibody reactivity profiles and cross-
reactivities [17-20], known biases in experimental design
[16,21,22], and lack of clarity in definitions of AB [23]
and AD [6,16] suggest current research strategy could be
improved. An alternative perspective, derived from sys-
tems biology and the complexity of dementia in the older
population, is the amyloid precursor protein (APP) matrix
approach [24-26].

The APP matrix approach [24-26] is the least acknowl-
edged and least tested framework with which to under-
stand the various roles of the amyloid beta protein (AB)
in Alzheimer’s disease (AD) initiation and progression.
Here we examine how the APP matrix approach provides
an alternative framework to integrate and understand
existing evidence and further we describe new ways of
thinking required by this framework.

2. The amyloid precursor protein matrix approach

The APP matrix approach derives from a systems biol-
ogy based approach to understanding flow through
biomolecular networks where the APP proteolytic system
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can be understood as a hub [27], integrating wide ranging
cellular systems via the regulation of APP cleavages and
feeding this integration forward to wider cellular systems
via cleavage products. There are several key concepts;

1) The APP proteolytic system involves a dynamic bal-
ance between competing cleavages and is involved
in cross talk between multiple cellular signalling
systems where changes in this dynamic balance over
physiological ranges can quickly respond to and
integrate the demands of various homeostatic cellu-
lar systems within broader cellular functions e.g.
synaptic plasticity. This perspective is supported by
the observations that: i) APP levels may be rate lim-
iting for cleavages [28] and APPggs expressed in neu-
rons has a short half-life [29], both features required
for fast organised cellular responses; ii) competing
cleavage pathways with combined gains and losses
of related functions e.g. loss of function associated
with mutation in PSENT may be associated with gain
of function for full length APP in neurite outgrowth
[30] and iii) shared amino acid sequences with the
potential for competitive binding of targets leading
to different functional outcomes.

2) Multiple disease associated drivers and pathways
are possible through this complex proteolytic sys-
tem and their relevance to both normal and disease
states can be modulated by contributions from other
cellular systems. Disease states may involve deco-
herence between APP processing and the physiolog-
ical actions and demands of different signalling
pathways in the wider cellular environment.

3) To understand the role of the APP proteolytic system
and to better place each fragment in its physiological
context all fragments must be systematically con-
sidered and controlled for in experimental settings.

4) Fundamental biochemical concepts such as dose-
response relationships, compartmentation, competi-
tive inhibition, competitive binding with agonistic or
antagonistic actions, relative likelihood of interac-
tion as described by dissociation constants, end pro-
duct inhibition etc. should be considered for each
proteolytic fragment.

The APP matrix approach aims to

1) Create a descriptive molecular map of the cellular
components and cellular functions associated with
all the proteolytic fragments generated by the APP
proteolytic system, representing each component
as a single node.

2) Characterise this map with reference to dynamic
regulatory feedback loops, basic biochemical fea-
tures such as cellular compartmentation, competi-
tive inhibition, rates of reaction, dissociation
constants etc. to predict how likely particular cleav-
ages or interactions are to occur at any time, repre-
sented as weights on the connections between
nodes.

Aging Brain 1 (2021) 100008

3) Describe and model differences in the behaviour of
this system in different cell types and species repre-
sented as cell/species specific maps.

4) Ultimately generate a dynamic functional model
with predictive powers to characterise how specific
molecular and neuropathological features relating
to the APP proteolytic system are associated with
clinical expression of dementia.

Aim 1. Creating a molecular map for the APP proteolytic
system

Mapping the APP proteolytic system, simplified for clar-
ity in Fig. 1, is the first step in integrating the vast body of
evidence. Nodes represent distinct molecular entities. Each
amino acid sequence should be represented by a specific
node with additional nodes depending on post-transla-
tional modifications and aggregation state such that the
umbrella term “AB” could have as many as 100 individual
nodes to capture differences in sequence length due to N
and C terminal truncations, post translational modifica-
tions and aggregation states (monomer, homo- hetero-
dimers, oligomers and fibrils). Each proteolytic fragment
in a specific aggregation state is likely to have its own
interaction profile and will likely be involved in different
ranges of functional outputs. Although attempts have been
made to describe and characterise proteolytic fragments
derived from APP and their aggregation and solubility
states e.g. [31], this list is currently incomplete, especially
for the P3-type fragments derived via sequential o~ and
v- cleavages.

Aim 2. Characterising the regulation and dynamic flow
through the APP proteolytic system

The weights associated with the connecting edges
between components of the APP proteolytic system repre-
sent the likelihoods of interactions and can be understood
as representing strength flow through a particular prote-
olytic pathway. In order to estimate the strengths of these
connections, the effects of regulatory factors such as com-
partmentation, phosphorylation and catabolic cleavage etc.
should be described and characterised for each connection
with each change represented as an additional node e.g.
APP phosphorylated at threonine 668 in the intracellular
domain [32] has different behaviour to unphosphorylated
APP. These connections can dynamically change as the dif-
ferent regulatory factors change in response to demands
from the wider cellular environment.

To estimate the strength of the connecting edges, exper-
imentally derived measures of dissociation constants, rates
of reaction under different conditions, relative biding stud-
ies to estimate the agonistic or antagonistic behaviours of
proteolytic fragments of similar sequence etc. are required
and this will entail a matrix of experimental set ups so that
the effects of each fragment alone and in combination with
others can be investigated whilst also fully controlling for
the other fragments. This evidence is completely absent
from the current literature.
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Fig. 1. Simplified map of APP proteolytic fragments and factors involved in regulating cleavages. Green: N-terminal fragments, blue: AB and P3 type
fragments, purple: other fragments, grey: regulatory factors and processes. (1) Full length APP expression is likely rate limiting both for full length APP
functional interactions and APP cleavages; factors that regulate APP expression and trafficking to particular cellular compartments require careful
characterisation. (2) Factors that regulate the likelihood of the various APP cleavages, e.g. phosphorylation of threonine 668 in the intracellular domain [32]
remain to be fully described and characterised. (3) o-cleavage, involving the A Disintegrin And Metalloproteinase (ADAM)s 10, 17 and 9 [33], generates
sAPPa and the carboxy terminal fragment (CTF) C83 and is considered to be constitutive and in contrast to p-cleavage appears to include redundancy of
multiple enzymes; competitive inhibition arising from other substrates of the enzymes involved [33,34] remains to be fully described and characterised. (4)
B-cleavage involving BACE1 generates sAPPB and the CTF C99 [35]; competitive inhibition arising from other substrates of BACE1 [36] remains to be fully
described and characterised. (5) Other cleavages, e.g. by BACE2 [37] and the N-terminal eta-cleavage [38], have been omitted here for clarity but must be
included in the full APP matrix approach. (6) Factors regulating processing of particular CTFs in specific cellular compartments remain to be fully described;
may involve processes such as other cleavages, endocytosis [39] or clearance via lysosomal pathways; contributions of CTFs to dementia [40] require
further clarification. (7) Factors regulating the expression, trafficking and functions of PSs [41] either dependent or independent from the y-secretase
complex [42] and competitive inhibition between different y-secretase substrates e.g. Notch 1 [43] require in depth investigation; while proteolysis of the
CTFs €83 and C99 by y-secretase may be differently affected by y-secretase inhibitors [44] the relative affinities of y-secretase with all CTFs that should be
theoretically present have not been fully described, and this might be important with respect to mutations in the PSEN 1 and 2 genes. (8) Multiple molecular
forms (amino acid sequences, post-translational modifications and aggregation states) have been collapsed into a single node for both AB and P3 for clarity.
The different forms of both Ap and P3 have not yet been fully described and characterised in brain donations from population representative
clinicopathological studies of brain ageing. Further processing pathways e.g. via BACE2 [37] and catabolism of fragments e.g. Ap [45] and CTFs [46] have also
been omitted for clarity.

Aim 3. Maps for each cell type and species

It cannot be assumed that any one model of the APP
proteolytic system applies across different cell types, e.g.
the independence of AB deposition in the human brain as
extracellular plaques or in vessel walls as CAA [47], or dif-
ferent species, e.g. relative abundances of specific AB-type
peptides in brain tissues and cerebrospinal fluid are differ-
ent in the APP23 transgenic mouse model compared to
humans with the Swedish ABPP mutation [48]. Therefore
multiple maps/models will be required and will be of vital
importance to research strategy. Detailed characterisation

for each cell type and species will allow the selection of
the most relevant experimental mechanistic models. With-
out this basic characterisation, we have no way of knowing
how features of any mechanistic model may support, mis-
direct or confound research strategy.

The detailed characterisation of the APP proteolytic sys-
tem in human brain donations from population represen-
tative clinicopathological studies is essential for baseline
estimates of the natural system in the human brain,
against which all mechanistic experimental models should
be compared. The same characterisations for each of the
AD associated genetic mutations will add further mecha-
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nistic detail and can be potentially interpreted as partial
knock-in or knock-out models. This “natural history”
approach will greatly advance the translation of evidence
relating to this proteolytic system between different
research approaches and is absolutely fundamental to the
selection of appropriate and efficient therapeutic targets
that will impact on the initiation and development of
dementia, especially in the older population amongst
whom most dementia occurs.

Aim 4. Functional interpretations of the APP proteolytic
system

Although the APP matrix is in its infancy, it is possible
to make predictions relating to the functions and roles of
the APP proteolytic system in normal ageing and disease
states with the scant and uncertain evidence we currently
have. Predicted functional interactions are simplified in
Fig. 2. The APP matrix approach has been used to highlight
confounding and uncertainty in current approaches to
measures of A [17,18], re-interpret the genetic evidence
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associated with mutations in the ABPP gene [49] and has
been applied to synaptic plasticity [24-26] and ageing [50].

If we consider the key concept of dynamic balance
between the competing cleavages, we can predict that all
the proteolytic fragments will be present at concentrations
that can vary over time depending on wider regulatory fac-
tors. While the competing nature of these cleavages is well
accepted, no study has systematically investigated this
dynamic balance. Currently AB is measured too few times
in experimental settings such that these measures repre-
sent cross-sections from a longitudinal sequence - other
fragments are measured rarely or not at all. Current mea-
sures of Ap-type fragments do not represent the behaviour
of the APP proteolytic system over different time scales. An
appropriate time series dataset with controls for all the
fragments would be required to adequately describe the
behaviours of all its constituents in relation to any biolog-
ical process, data that is currently missing.

Given that the fragments share varying degrees of
sequence homology, the APP matrix approach predicts that
they can compete for binding sites, perhaps explaining the

Functional module 1: full length and N-terminal fragments
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Fig. 2. Simplified approach to investigating functional modules within the APP proteolytic system as guided by the APP matrix approach. Green: N-terminal
fragments, blue: Ap and P3 type fragments, purple: other fragments. (1) Functional block 1 derives from the synergistic actions of full length APP and the
large N-terminal domains released following a-, - and similar cleavages and may be involved in a variety of functions including neuroprotection [51], long
term potentiation [53,54]| and neurite outgrowth [55]; Cleavage products from other cleavages including eta- and Ap’ cleavages not shown for clarity. (2)
Functional block 2 derives from the synergistic actions of Ap-type, P3-type and other similar fragments released following y-cleavage and may be involved
in a variety of functions including inhibition of long term potentiation [56] and promotion of long term depression [57], multiple immune system functions
[58] and may have complex interactions relating to metal ion homeostasis and oxidative stress [59-61]. No studies have investigated the synergistic
functions of A and P3 however different effects on synaptic function from different aggregations Ap have been reported [62]. (3) Other proteolytic
fragments derived from APP including the CTFs [40], APP intracellular domains (AICD)s [63 |other cleavage products such as Ap’ via BACE2 cleavage [64] and
catabolic fragments, each of which may have functions that remain to be systematically investigated. (4) Beyond the synergistic interactions of those
fragments sharing similar sequence homology, there are functional relationships between these functional blocks e.g. given that SAPPa is associated with
long term potentiation and AR is associated with long term depression, the relative balance between both functional blocks will determine overall outcome
in synaptic plasticity. (5) Functional effects deriving from other fragments have been described e.g. AICDs may be involved nuclear signalling [65]. Although
catabolic fragments potentially act as small regulatory binding proteins and potentially feedback to APP processing pathways, this has not been
systematically investigated. (6) The combined overall output from the APP proteolytic system can feed into other cellular and physiological systems via the
complex ratios of all its fragments. Iteratively the wider cellular environment can also feedback via changes to the regulation of APP processing. This may
involve multiple areas of cross talk between cellular signalling pathways that remain to be fully described and characterised.

4
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varying degrees of cross reactivity of APP proteolytic frag-
ments with antibodies raised against a range fragments
from the APP proteolytic system, previously discussed
[17,18]. Since cross reactivity for each antibody has not
been systematically investigated to date, current interpre-
tations of antibody reactivities remain uncertain and
require clarification. The APP matrix approach requires a
comprehensive list of potential binding targets for each
fragment and their relative binding affinities over the pos-
sible range of concentrations. This information is currently
completely missing so we cannot predict the likeliest phys-
iological outcomes associated with specific changes in APP
proteolysis.

Competitive binding may also modulate cellular pro-
cesses. In terms of protection from excitotoxicity, the
effects of AR and glucose deprivation, sAPPa was found
to be ~100x more neuroprotective than sAPPB [51]. These
effects, associated with amino acids in sAPPo C-terminus,
were also modulated by heparinases, perhaps highlighting
the importance of the role of the heparin binding domain
affected differently by the o- and B-cleavages. The APP
matrix approach suggests that since all fragments are pre-
sent in varying concentrations and these fragments can
compete for binding sites, SAPPB can modulate the out-
comes derived from the interactions of sAPPo and by
extension perhaps also those associated with full length
APP. Extending this prediction further, P3-type fragments
potentially modulate the actions of Ap-type fragments.
These predictions have not been tested experimentally. A
well-controlled matrix of experiments measuring relative
binding affinities and functional outcomes would be
required to investigate systematically how the effects of
one APP proteolytic fragment are modulated, either ago-
nistically or antagonistically, by varying concentrations of
other APP proteolytic fragments and other cellular factors
such as heparins.

The neurobiological substrates of cognitive function are
not well understood. One widely accepted model of synap-
tic plasticity involves a wide range of organised and inter-
dependent cellular processes so that dysfunction in any
can lead to cognitive impairment [52]. Further, much of
dementia research appears paradoxical, e.g. both over
and under expression of Ap-type fragments is associated
with specific fully penetrant ABPP mutations associated
with young onset AD [49] depending on mutation location.
From the perspective of the APP matrix approach, the
apparent paradoxes can be explained if we consider
dose-response curves for each fragment in relation to
wider physiological and cellular processes. It is likely that
appropriate physiological processes associated with AR
depend on appropriate modulation of its concentration
within a narrow range, too little A or too much, whether
from genetic mutation or epigenetic change to gene
expression in ageing, can lead to change in the dynamic
balance between competing APP proteolytic pathways.
These changes may be inappropriate in the context of
wider cellular function and either aberrant loss or gain of
AB may lead ultimately to cognitive impairments. Addi-
tionally, there may be situations where loss or gain of AB
is appropriate, perhaps in response to wider physiological
functions such as synaptic plasticity, injury or infection.
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From the perspective of the APP matrix approach, current
cross sectional measures of the presence of AB-type frag-
ments alone cannot represent the complexity of this prote-
olytic system and are confounded both by the neglect of
other proteolytic fragments derived from APP and by
neglect of factors deriving from the wider physiological
context.

3. How this hypothesis relates to the other hypotheses

The APP matrix approach is a response to repeated calls
over the decades to include considerations of the physiol-
ogy of this proteolytic system in any theoretical mechanis-
tic model [7,8,16]. It differs fundamentally from the
amyloid cascade hypothesis in being iterative, dynamic
and places all the proteolytic fragments derived from
APP, not just AB, within physiological, regulatory and func-
tional contexts in a way not biased by concepts of inherent
neurotoxicity, relating to particular forms of A, or neuro-
protection, relating to soluble N-terminal product from o~
cleavage (sAPPa), often used in the context of the amyloid
cascade hypothesis. The APP matrix approach therefore
avoids apparent paradoxes deriving from incomplete
reductionist approaches seen in many areas of dementia
research beyond amyloid by requiring systematic descrip-
tion of, and comprehensive controlling for, all factors
involved.

The APP matrix approach is compatible with, and com-
plementary to, the presenilin hypothesis when this
hypothesis is adjusted to include consideration of all frag-
ments derived from y-cleavage. Analysis of PSENs and ASPP
mutations located around the y-cleavage site in humans
suggests that these mutations generally share a reduction
in total AB and increased or unchanged ratio of Ap(1-42)/
AB(1-40) [49]. This can be contrasted with the generally
increased expression of AB seen for mutations around the
o-cleavage sites suggesting that these mutations can be
understood as loss of function mutations in terms of regu-
lated cleavages that lead to gain of function in terms of the
ratios between all the proteolytic fragments and that these
perturbations lead to changes in the dynamic balance
between competing cleavages and resultant ratios of
fragments.

The APP matrix approach is compatible with a wide
range of hypotheses relating to dementia initiation and
progression and provides a framework with which contri-
butions from different research areas, including the vascu-
lar system, metabolism, mitochondrial function, the
immune system to the cell cycle etc., can be integrated
via the regulation of APP proteolysis. There are multiple
possible routes to disease through this complex proteolytic
system, each depending on a dynamic balance between all
factors involved. Disease can be initiated by any of these
factors, either alone or in combination so that changes in
APP proteolysis can both drive disease pathways and also
be driven by wider physiological factors. The APP matrix
approach allows partial contributions to disease progres-
sion from all systems involved and these contributions
may vary between individuals. These contributions can
also vary as disease progression leads to homeostatic
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responses that evolve over short and longer time scales.
Evidence is accumulating that sporadic and familial AD
may not share the same molecular [66] and neuropatho-
logical [67] profiles and therefore may not share the same
therapeutic targets, supporting the multiple pathways sug-
gested by the APP matrix approach. It remains to be inves-
tigated whether there are detailed molecular profiles that
describe particular types of disease related pathways, each
with their own specific therapeutic targets. Current AD
biomarkers do not capture this level of detail and therefore
their application to patient groups in clinical trials may be
confounded by potentially different pathways.

4. Future directions

Investigations and tests based on the APP matrix
approach involve major challenges that are shared by all
other approaches to amyloid based research deriving from
current uncertainties in basic science including uncertain-
ties deriving from antibody cross reactivities and experi-
mental designs [16] and further challenges deriving from
its complex systems biology approach that range from
the development of refined measurements to better
designed and controlled mechanistic investigations. It is
ambitious in its aims and will generate multiple avenues
of investigation to characterise each factor associated with
regulation of APP proteolysis and dementia. This will
require the collaborative integration of evidence from mul-
tiple research groups and careful translation of evidence
between different research approaches.

Perhaps the major challenge is to re-orientate thinking
in the research community to minimise bias associated
with ideas of direct causation via one or a few disease
pathways, as illustrated by the amyloid cascade hypothe-
sis. Considerations of dynamic complexity, fundamental
to the APP matrix approach, may better represent the
chaotic basis of cognitive function and allow a deeper
understanding of the many possible ways dementia arises.

The search for therapeutic interventions for complex
syndromes of ageing such as dementia presents great chal-
lenges across many research disciplines, from epidemio-
logical characterisations of disease presentations in the
population to detailed biomedical investigations of thera-
peutic targets at the molecular level. Each experimental
approach is associated with particular limitations and
uncertainties that impact on how we understand research
progress to date. The integration and understanding of the
vast and diverse dementia-related evidence requires indi-
vidual researchers and research teams to develop broad
research skill sets that, coupled with the use of appropriate
theoretical frameworks, direct the design and interpreta-
tion of investigations. Theoretical frameworks fundamen-
tally underpin research strategy and it is essential that
these frameworks represent a useful approximation of
the natural systems being investigated. We believe that
the APP matrix approach will re-invigorate amyloid based
dementia research and will generate data essential to
understanding the role of the APP proteolytic system in
AD and how this system interacts with wider cellular pro-
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cesses and physiological functions in the context of human
cognitive function and disease.
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