Convergent Autophagic Collapse in Neurodegenerative Disease

A Funnel Model from Diverse Etiologies to Terminal Cellular Catastrophe

This presentation synthesizes the “Theory of Convergent Autophagic Collapse,” proposing that diverse
genetic, infectious, and environmental insults funnel into a common terminal pathway of autophagy—lysosomal
st @ IUFE, Precipitating neuron death and yielding the classic lesions of neurodegeneration.



A Fundamental Question in Neurodegeneration

How do diverse diseases—driven by genetics, viruses, and toxins—all lead
to a common endpoint of neuronal death and similar pathological hallmarks?

T 4 - L] . i ¥ ”
The Prevailing “Outside-In” View A Proposed “Inside-Out” Framework
The Amyloid Cascade Hypothesis The Convergent Autophagic Collapse Theory
Posits that the extracellular accumulation of amyloid-g (AB) Posits that intracellular failure of the autophagy-lysosomal
peptides is the primary event, initiating a toxic cascade that pathway (ALP) is the primary event. Extracellular lesions, like
leads to neuronal death. The neuron is often viewed as a plaques, are the downstream consequences—the debris—of
passive victim of external toxins. this internal collapse.
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Stage 1: The Wide Environmental

Genetic Viral S atahole

Rim of the Funnel Factors  Saboteurs Ly

Diverse Upstream Etiologies All
Predispose Neurons to Autophagic Stress

Neurodegeneration is initiated by a U
complex interplay of factors. While
seemingly unrelated, genetic
mutations, neurotropic viruses, and
environmental toxins share a common
ability to compromise the neuron's
essential waste clearance machinery,
setting the stage for collapse.

We will examine each of these inputs.
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Genetic Factors Weaken the Cell’s
Degradative Infrastructure

Alzheimer's Disease (AD) Autophagy-Lysosomal Pathway (ALP)
PSENT Mutations X .
Impair v-ATPase proton v-ATPase
pump assembly, leading a

to failed lysosomal
acidification.

APP Duplication/Mutations

Increase the load of

APP-BCTF (C99), a toxic Autophagosome  Autophagosome Lysosome Autolysosome
metabolite that directly Formation
inhibits the v-ATPase.

I ALS & FTD

C9orf72 Repeat Expansions

Loss-of-function impairs both the initiation
of autophagy and the fusion of
autophagosomes with lysosomes.
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Parkinson’s Disease (PD)

LRRKZ Mutations

Hyperactive kinase activity
disrupts vesicle trafficking
(Rab GTPases), impeding
autophagosome maturation
and transport.

GBA1 Mutations

Deficiency in the GCase
enzyme leads to substrate
accumulation, physically
clogging lysosomes and
inhibiting overall autophagic
flux.



Viral Saboteurs Hijack or Halt Autophagy for Their Own Survival

Blocking Initiation (HSV-1)

\ (CP34.5

Autophagosome
Formation

The Herpes Simplex Virus-1 neurovirulence
protein, ICP34.5, directly binds and
sequesters Beclin-1, a core component of
the autophagy initiation complex. This halts
the formation of new autophagosomes,
allowing the virus to evade degradation.
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(©) Autophagosome

Severing Fusion (Enteroviruses)

3C protease

Autophagosome
Backlog

Coxsackievirus B3 expresses a 3C protease
that cleaves key SNARE proteins (SNAP29,
PLEKHM1) required for autophagosome-
lysosome fusion. This creates a traffic jam,
where autophagosomes accumulate and
serve as viral replication sites.

Repurposing & Stalling (Zika Virus)

Acidification
Blocked

Autophagosome

Lysosome

ZIKV induces autophagosome formation to
use the membranes for its replication
complexes, while simultaneously impairing
the final acidification and degradation
steps. The pathway is co-opted to build
virus factories rather than to clear waste.



Toxins and Metabolites Inflict Direct Damage on Lysosomes

\ ‘7{ / Oxidative Stress & Lipid Peroxidation
q< ROS and byproducts like 4-hydroxynonenal (4-HNE)

damage lysosomal membranes and proteins. 4-HNE
forms adducts on critical cysteine residues of the
v-ATPase, crippling its function.

k Toxic Protein Metabolites
(APP-BCTF / C99)

Beyond being a precursor to AB, the
C99 fragment accumulates in lysosomes.
Its cytosolic YENPTY motif, when
phosphorylated, directly binds and
inhibits the V,al subunit of the
v-ATPase, acting as a potent internal
brake on acidification.

Heavy Metals J

(Lead, Cadmium)

Displace essential metal cofactors
(Mg?*, Zn?*) from the v-ATPase and
lysosomal enzymes, inactivating them.
They also catalyze the production of
Reactive Oxygen Species (ROS).
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Stage 2: The Narrowing

Cone of the Funnel

Mechanistic Convergence on a
Single Point of Failure

The diverse upstream insults do not cause
failure in random ways. They mechanistically
converge on the late stages of the autophagy-
lysosomal pathway.

This convergence creates a singular, catastrophic
bottleneck, turning multiple distinct problems into
one terminal condition for the neuron.

The critical chokepoint is the process of
lysosomal acidification.

Genetic
Factors

Viral Saboteurs

Toxins

Lysosomal
— Acidification

Chokepoint



The v-ATPase Proton Pump: A Molecular Nexus of Failure

4. Heavy Metals

Lead (Pb*®) competes with Magnesium
(Mg?*), a required cofactor for ATP
hydrolysis, crippling the pump's energy
+ P, source.

Cytosolic 4
V, sector

1. PSEN1 Mutation

PSENT1 is required for proper trafficking
and assembly of the V,al subunit.
Mutations lead to its mislocalization
and a dysfunctional pump.

3. Oxidative Stress (ROS / 4-HNE)

Oxidation of critical cysteine residues
and carbonylation by 4-HNE cause
conformational changes that
inactivate the pump.

by 4-HNE
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The phosphorylated YENPTY motif
of C99 binds directly to V,a1,
acting as a trans-dominant inhibitor

of proton pump function.
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The failure of this single molecular machine—the v-ATPase—due to multiple, unrelated insults is the essence of mechanistic
convergence. The result is a de-acidified lysosome (pH rises from ~4.5 to >5.5), rendering its degradative enzymes ineffective.
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Stage 3: The Neck of the Funnel

The PANTHOS Phenomenon: A Neuron at the Point of Collapse

When autophagic clearance is paralyzed but A\ ¥
stress signals continue to induce autophagy, the “
neuron enters a terminal state termed PANTHOS
(Poisonous Anthos or flower). This state is
characterized by a distinctive morphology and
represents a futile, self-destructive cycle from F ®
which recovery is nearly impossible. ';




The Morphological Hallmarks of a Dying Neuron

1. Perikaryal Membrane Blebbing: The
cell body develops large, balloon-like
protrusions ("blebs"). These are
herniations of cytoplasm packed with
autophagic vacuoles.

2. Autophagic Vacuole Rosettes: The
cell soma becomes engorged with
clusters of AB-positive autophagic
vacuoles, often arranged in a “rosette”
or flower-like pattern. These vacuoles
are not properly acidified.
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3. The Futile Cycle: The neuron is

trapped in a vicious feedback loop,
consuming the cell from within.

4. Dystrophic Neurites: Axons and
dendrites become swollen and filled
with the same autophagic debris,
disrupting transport and synaptic
function.
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The engorged autolysosomes in a PANTHOS neuron are
. ticking time bombs. The accumulated contents—aggregated
The Flna.l BlOW: AR, iron from ferritin breakdown, and proteases—destabilize
the lysosomal membrane from within.
Lysosomal Membrane
Outcome: The membrane eventually ruptures, an event
- ~ known as LMP. This releases a cocktail of lethal hydrolases
Permeablllzatlon (LMP) like cathepsins into the cytoplasm, initiating an irreversible
cascade of programmed cell death (apoptosis or necrosis).

1. Engorgement 2. Rupture 3. Collapse

Redox-active
_,metals




Stage 4: The Output of the Funnel

'Inside-Out’ Pathogenesis: The Plague is the Remnant of the Fallen Neuron

The inside-out model proposes that the senile
plaque is not an external agent that kills the
neuron. Instead, it is the tombstone: the dense,
protease-resistant debris left behind after a
PANTHOS neuron dies via LMP and spills its
AB-laden contents into the extracellular space.
This single event explains the focal, dense
nature of plaque cores.
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A 115-Year-Old Observation, Explained
1907 2022

Oskar Fischer’s “Miliary Necrosis”

“miliare Nekrosen mit drusigen Wucherungen der Neurofibrillen”
(miliary necroses with druse-like proliferations of neurofibrils)

Fischer's prescient description of plaques as sites of focal tissue death (“necrosis”) surrounded by degenerating neurites is
a near-perfect match for the modern observation of a neuron dying by autophagic collapse and leaving its debris behind.



The Senile Plaque is a Neuronal Tombstone,
Not the Murder Weapon

Implications of the Tombstone Model

1. Reframing Causality: Plaques are an epiphenomenon
marking where neurons have already died. This explains Amyloid Plaque
the poor correlation between plaque load and cognitive (Tombstone)
decline; it's the loss of neurons, not the number of
tombstones, that drives symptoms.

Therapeutic
Focus

2. Revising Therapeutic Strategy: Therapies focused solely
on clearing plaques are akin to clearing a graveyard—they
don't resurrect the dead. The true therapeutic window lies
before collapse: in protecting the living neuron.

3. Explaining Microglial Response: Microglia surrounding
plaques are not just reacting to AB; they are the brain's
undertakers, attempting to clear the complex debris field
left by a dead neuron. Impaired microglial function (e.g., in
TREM2 variants) leads to persistent, inflammatory debris.
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The Funnel Journey: A Complete Narrative
of Neurodegeneration

Stage 1: The Wide Rim —> (&

Diverse inputs (Genes, Viruses,
Toxins) compromise the
Autophagy-Lysosomal Pathway.
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Stage 2: The Narrowing Cone

Insults converge on a central failure point:
the v-ATPase proton pump, leading to
failed lysosomal acidification.

Stage 3: The Neck

The neuron enters the PANTHOS state—a
terminal traffic jam of autophagic vacuoles—
culminating in lysosomal rupture (LMP) and
death.

Stage 4: The Output

The dead neuron spills its contents, forming
an extracellular plaque—the tombstone of an
‘inside-out’ collapse.



A New Therapeutic Paradigm:
Bolstering Cellular Resilience

New Therapeutic Targets
Stabilize v-ATPase [
Restore Lysosomal pH
Activate TFEB
{Lysc:sc-rnal
Biogenesis)
{Q Target Toxic
‘a Metabolites
'; (e.g., APP-BCTF)

Develop small molecules to stabilize v-ATPase
function or restore lysosomal pH.

Activate master regulators of lysosomal
biogenesis, such as TFEB.

Target specific toxic metabolites like APP-BCTF

(C99) to prevent them from jamming the system.
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Early Diagnostics

\J L,; Autophagic v\ Inside-Out
| (~ Stress ™\ 1/ (- Collapse
:j“ i\—f]ﬁ: Biomarker N e’

Widespread

Detactin Neuron Loss
fluid/imaging (Too Late)

Develop fluid and imaging biomarkers to detect
autophagic stress in living patients, long before
widespread neuron loss.

The convergent collapse model shifts the therapeutic focus
from clearing extracellular debris to reinforcing the neuron's
intrinsic clearance machinery. The goal is to fortify the dam,
not chase every raindrop.

Broadening the Paradigm

AB a-Synuclein Tau
(Parkinson's)

(Alzheimer's) (Tauopathies)

Common “Inside-0ut” Mechanism?

Investigate whether the “inside-out” funnel
model applies to other neurodegenerative
diseases, such as synucleinopathies and
tauopathies.

The battle against neurodegeneration may be won not by fighting the ghosts
of dead neurons, but by empowering the living ones to clean their own house.



