
The Unmeasured
Rate

Why interventions at the autophagic bottleneck in Alzheimer’s disease have failed, and
what a human assay of autophagic flux would have to measure

Benjamin Aaron Gustafsson

AdultCognitiveDisease.com

September 2026

Eleven completed human trials have given drugs to patients with Alzheimer’s disease on the grounds that those drugs correct
the cell’s disposal system. Not one of them measured the disposal system. The reason is not negligence: autophagic flux is a

rate, every human readout is a level, and the assay that converts the second into the first requires a poison, a transgene, or the
brain.



2

Contents

1. Introduction: A Mechanism Without a Dial
2. What Is Established About the Bottleneck

The scale of the asymmetry
3. The Direction of the Lesion: Induction Intact, Completion Failing
4. The Trial Record I — mTOR and the Rapalogues
5. The Trial Record II — AMPK and Metformin
6. The Trial Record III — TFEB, the Transcription Factor Without a Drug
7. The Trial Record IV — Trehalose, and the Largest Clean Test Anyone Has Run
8. The Trial Record V — Sigma-1, Phosphodiesterase-5, and the Autophagy Rationale at Its Most Elastic
9. The Trial Record VI — The Repurposing Wave

An aside on what a repurposing rationale is worth without a readout
10. What the Record Has in Common
11. Flux Is a Rate

A worked case
12. Every Human Readout Is a Level

The instrument the field did build
13. Three Ways a Level Misleads
14. Why Imaging Has Not Closed the Gap
15. The Preclinical Assays That Do Not Travel
16. A Target Where the Readout Exists: NLRP3

The two targets are not merely analogous; they are connected
17. What a Movable Readout Bought
18. The Limits of the Contrast
19. The Deeper Problem: Four Results from 2025 and 2026
20. Three Kinds of Biomarker, and Which One Autophagy Lacks
21. Specification: What a Deployable Human Flux Assay Must Measure
22. Four Candidate Architectures

22.1 Metabolic labelling of an autophagy-obligate cargo
22.2 A bounded pharmacological clamp
22.3 A peripheral cell challenge assay
22.4 An imaging readout of the degradative step
22.5 Ranking

23. How a Flux-Dosed Trial Would Differ
A concrete first study

24. Predictions
25. Strength of Evidence
26. Limitations
27. Conclusion
References



Autophagic Flux and the Missing Human Assay An audit and a specification

3

Abstract

The endosomal–lysosomal–autophagic network is among the best-evidenced lesions in
Alzheimer’s disease. Enlargement of the early endosome is the earliest disease-specific structural
abnormality known in human tissue [1]; autophagic vacuoles are the dominant organelle inside
the dystrophic neurites that define the neuritic plaque [2]; the terminal degradative step fails
while autophagy induction is preserved or increased [3]; and common-variant genetics places
endocytosis and lysosomal function among the pathways most strongly enriched across the
disease’s risk loci [4]. In animals, correcting the lesion works. Restoring lysosomal proteolysis
reverses amyloid pathology and memory deficits [5]; inducing autophagy pharmacologically
abolishes cognitive deficits [6]; over-expressing the lysosomal master regulator TFEB clears
aberrant tau and rescues neurotoxicity [7].

In human beings, the record is different, and the difference is not one of degree. This paper
audits it. Across the compounds whose rationale in Alzheimer’s disease is autophagic or
endolysosomal — rapamycin, metformin, trehalose, sigma-1 and phosphodiesterase-5 agents,
nilotinib, lithium, neflamapimod — we find a uniform feature that has not, to our knowledge,
been stated as a general property of the field: not one completed trial measured
autophagy in the people it treated. Trials measured drug concentration in plasma or
cerebrospinal fluid; they measured amyloid, phosphorylated tau, glial fibrillary acidic protein,
hippocampal volume, cognition. None measured the process the drug was given to correct. In
the one trial that set out to establish central nervous system penetrance of rapamycin in early
Alzheimer’s disease, the drug was undetectable in cerebrospinal fluid before and after eight
weeks of treatment, while phosphorylated tau-181 and glial fibrillary acidic protein rose [8].

We argue that this is not negligence but a consequence of a specific and under-acknowledged
measurement problem. Autophagic flux is a rate. Every available human readout is a
level. The steady-state abundance of an autophagosome marker is the quotient of two rates —
the rate at which compartments are formed and the rate at which they are consumed — and a
single level is therefore consistent with an unbounded family of rate pairs. Identifying the rate
requires observing the system in two states, which in every validated laboratory assay means
adding a lysosomal inhibitor. The measurement that defines flux requires administering a poison
to the compartment being measured. That is why the assay has not crossed into humans, and
why every human autophagy readout now in the literature — cerebrospinal fluid LC3A and
LC3B [9], PINK1, BNIP3L and TFEB in serum and cerebrospinal fluid [10], ULK1 [11],
lysosomal network proteins [12], p62 [13] — is a concentration, unperturbed, of unknown
cellular provenance.

We contrast this with a target of comparable intracellular inaccessibility where the readout does
exist. The NLRP3 inflammasome is, like autophagy, a cytoplasmic process in glia with no direct
human assay; unlike autophagy, its output is a secreted cytokine. A brain-penetrant NLRP3
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inhibitor, NT-0796 (ruvonoflast), achieves cerebrospinal fluid exposure and lowers cerebrospinal
fluid interleukin-1β alongside systemic C-reactive protein, fibrinogen, interleukin-6 and
interleukin-18 in patients with Parkinson’s disease [14], with the brain activation step
subsequently traced to carboxylesterase-1 in microglia [15] and the anti-inflammatory effect
confirmed against placebo in a randomised phase 1b [16]. The contrast is instructive and its
limits must be stated: a movable readout has bought dose selection against effect rather than
against exposure, and nothing yet beyond that.

That qualification opens the paper’s second argument. Four results from 2025 and 2026 show
that a movable biomarker is not sufficient. Valacyclovir not only failed to slow decline in
herpes-seropositive early Alzheimer’s disease but was associated with significantly greater cognitive
worsening than placebo [17]; oral semaglutide failed on the Clinical Dementia Rating–Sum of
Boxes across two phase 3 trials totalling 3,808 participants [18]; and, in results disclosed at
conference and by company release rather than in the peer-reviewed literature, the anti-p217-tau
antibody posdinemab abolished cerebrospinal fluid p-tau217 without altering decline, while the
tau antisense oligonucleotide diranersen reduced tau pathology at every dose but missed its
dose-response primary endpoint. We treat these as evidentially distinct from the autophagy
failures, and the distinction is the paper’s hinge. Posdinemab’s failure is informative: it tells us that
the quantity moved was not on the causal path, or that the drug reached the wrong pool. A
rapamycin trial with no autophagy measurement is uninformative: it cannot distinguish a wrong
hypothesis from an unengaged target. The field has been producing the second kind of failure
and reading it as the first.

We close constructively. A deployable human flux assay must satisfy six requirements, of which
the hardest is that it report a rate without requiring a toxic clamp. We set out four candidate
architectures and argue that one of them is already assembled from published parts that have not
been joined: neurofilament subunits are degraded by autophagy in vivo, with levels rising when
autophagy is blocked and falling under rapamycin [19], and the turnover of neurofilament light
in the human central nervous system has now been measured directly by stable-isotope labelling
kinetics [20]. A labelling study of neurofilament turnover, performed on and off an
autophagy-modulating drug, would yield a rate, in brain, for a protein whose degradation is
autophagy-dependent. We specify how a trial dosed against such a readout would differ from
those that have failed, give nine predictions that would falsify the account, and grade every claim.
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1. Introduction: A Mechanism Without a
Dial

There is an asymmetry in Alzheimer’s therapeutics that is easy to state and hard to look at directly.
The cell-biological lesion with the strongest claim to being early, human, and disease-specific is a
failure of the disposal system — and it is the lesion against which the fewest interpretable human
experiments have been performed.

The asymmetry is not for want of mechanism. The endosomal–lysosomal–autophagic network
in Alzheimer’s disease has been characterised for three and a half decades in human post-mortem
and biopsy tissue, in isogenic human neurons, in a dozen animal models and at the resolution of the
individual organelle. It has produced findings of a kind the rest of the field would envy: a structural
abnormality visible decades before the defining lesion of the disease [1]; an organelle census inside
the neuritic plaque’s dystrophic neurites showing that they consist almost entirely of stalled
autophagic compartments [2]; a direction of failure established in laser-captured human CA1
neurons, in which autophagy induction is up while clearance is down [3]; a molecular agent, the
β-cleaved carboxy-terminal fragment of the amyloid precursor protein, identified independently by
a laboratory with no stake in the account [21]; and a mechanism by which that fragment, once
phosphorylated, binds and inhibits the vacuolar H+-ATPase [22]. Genome-wide association places
endocytosis and lysosomal function among the most strongly enriched pathways across the disease’s
risk architecture [4]. Reviews of autophagy in human disease treat neurodegeneration as one of its
clearest applications [23], and the case for it as a therapeutic target has been made at length [24].

Nor is it for want of preclinical therapeutic success. The list of manipulations that correct the
lesion and improve the animal is long and the effect sizes are large. Genetic deletion of cystatin B,
an endogenous inhibitor of lysosomal cysteine proteases, restores autophagic–lysosomal function,
reduces amyloid pathology and improves memory in a transgenic model [5], with the same
intervention subsequently shown to correct defective macroautophagic turnover of brain lipids [25].
Rapamycin abolishes cognitive deficits and reduces amyloid-β [6], an effect since reproduced widely
enough to support a formal meta-analysis of preclinical studies [26]. Neuronal over-expression of
TFEB, the transcription factor that coordinates lysosomal biogenesis [27] and links it to autophagy
[28] through a shared promoter motif network [29], selectively clears aberrant tau and rescues
neurotoxicity [7], accelerates lysosomal degradation of the amyloid precursor protein [30], reduces
the intraneuronal C99 fragment [31], and — expressed in astrocytes instead — facilitates amyloid-β
clearance and attenuates plaque pathogenesis [32]. Restoring mitophagy inhibits both amyloid and
tau pathology and reverses cognitive deficits [33], an effect reproduced with urolithin A [34]. Acidic
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nanoparticles restore lysosomal acidification defects [35]. A pharmacological chaperone stabilising
the retromer limits amyloidogenic processing [36]. Raising ULK1, the initiating kinase of
macroautophagy, stimulates autophagic flux, reduces pathology and delays cognitive decline [11].
Basal autophagy is not optional in neurons: its suppression alone causes neurodegeneration in mice
[37].

What is missing is the middle term. Between a mechanism this well-specified and a clinical
programme this thin lies a gap that is usually attributed to the ordinary difficulty of central nervous
system drug development — blood–brain barrier penetration, chronic dosing, the length and
expense of dementia trials. Those difficulties are real. They are not, we will argue, the binding
constraint here.

The binding constraint is that nobody can measure the thing.

This paper makes three claims. The first is empirical and, we believe, new as a general
statement: across the clinical record of autophagy-rationale compounds in Alzheimer’s disease, no
completed trial has measured autophagy in its participants. We establish this drug by drug in Sections 4 to 9
and tabulate it in Section 10. The second claim is conceptual and explains the first: autophagic flux
is a rate, every available human readout is a level, and the transformation from level to rate requires
a perturbation that cannot ethically be applied to a human brain. We develop this in Sections 11 to
15. The third claim is constructive: the requirement is not in principle unsatisfiable, and one
satisfying architecture can be assembled from published human methods that have not been
combined. We specify it in Sections 21 to 23.

Section 16 to 18 supply a control. If the argument is that a missing readout explains a missing
translation, then a comparably inaccessible target with a readout should have a different trajectory.
The NLRP3 inflammasome is that control, and the comparison is informative in both directions —
for what a readout buys, and for what it does not.

Sections 19 and 20 address the strongest objection to the whole enterprise. Alzheimer’s disease
has lately produced several trials in which a biomarker moved decisively and the patients did not. If
biomarkers do not predict benefit, why should the absence of one matter? The answer is that these
are different epistemic situations, and conflating them is the error the field has been making. We
argue that an uninformative failure is worse than an informative one, and that the autophagy
programme has been generating the worse kind.
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2. What Is Established About the
Bottleneck

Before auditing the therapeutic record it is necessary to fix what that record was attempting to treat,
and at what level of confidence. This section states the propositions we take as established, because
they are the ones the trials assumed.

The compartment is abnormal, and abnormal early. Enlargement of the neuronal
early endosome, with increased delivery of hydrolases to those compartments, is present in sporadic
Alzheimer’s disease before amyloid deposition; it is present in Down syndrome decades before the
associated dementia; it is accentuated by the APOE ε4 allele; and it was not found in the comparison
neurodegenerative diseases examined alongside it [1]. A pathological change visible in a brain long
before the disease it is associated with is not plausibly a consequence of that disease. Among the
structural abnormalities in Alzheimer’s disease this has the best claim to primacy in time.

The agent is a fragment of the amyloid precursor protein, not the peptide.
Working in a large isogenic panel of human induced-pluripotent-stem-cell neurons carrying familial
APP and PSEN1 mutations against a common background, one group established that the shared
endosomal abnormalities are mediated by β-carboxy-terminal fragments rather than by amyloid-β
[21]. (A published erratum was subsequently issued for this paper [38]; we note it and have relied on
the version of record.) The fragment mechanism was extended downstream when phosphorylation
of the fragment at tyrosine 682 was shown to produce a species that binds subunits of the vacuolar
H+-ATPase and inhibits the pump, so that one molecule produces lesions at two compartments
[22]. The sufficiency of the endosomal node has been tested directly: neuronal over-expression of
the Rab5 effector adaptor APPL1 alone, with no manipulation of the amyloid precursor protein,
replicates Alzheimer-related endosomal and synaptic dysfunction with cholinergic
neurodegeneration [39].

The terminal degradative step is a contested node with a long history. Presenilin 1
was reported in 2010 to be required, independently of γ-secretase activity, for maturation and
lysosomal targeting of the V0a1 subunit of the pump, so that loss of presenilin function alkalinises
the lysosome and blocks autophagy [40]. The claim was contradicted within two years by a group
reporting frankly normal lysosomal acidification in cells lacking both presenilins [41], and it has
never been independently replicated in the form originally stated. We record this as unsettled, and
note that the metabolic route through the phosphorylated fragment [22] supplies an alternative path
to the same terminal lesion that does not require presenilin at all.
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Autophagic vacuoles are the content of the neuritic plaque’s neurites. Immunogold
labelling with compartmental markers and electron microscopy, performed on antemortem human
neocortical biopsy tissue, established that autophagosomes, multivesicular bodies, multilamellar
bodies and cathepsin-containing autolysosomes are the predominant organelles inside the
dystrophic neurites that give the neuritic plaque its name [2]. This is a statement about the lesion by
which the disease is neuropathologically staged.

The direction of failure is known, and it is the end of the pathway. This is the
proposition that governs everything in the rest of this paper, and Section 3 is devoted to it.

The genetics point at the organelle. Pathway analysis of the largest common-variant
association study of the disease places endocytosis and lysosomal function among the pathways most
strongly enriched, alongside immunity and lipid metabolism [4]. More recently, genome-wide
association analysis of cerebrospinal fluid biomarkers has identified loci regulating autophagy
directly [42]. We attach the usual caution to pathway enrichment — it is a statement about
annotation databases as much as about brains — but the signal is not marginal and it is not new.

In model systems, correcting the lesion works. Section 1 listed the evidence. We restate
the form of the claim precisely, because the trials were built on it: in rodents, interventions at four
distinct nodes of this network — protease inhibition relieved [5], mTOR inhibited [6], TFEB raised
[7,30,32], ULK1 raised [11] — each improve both pathology and behaviour. This is an unusually
consistent preclinical portfolio. It is also, in every case, a portfolio built in animals in which the
independent variable was set by construction.

The scale of the asymmetry

It is worth putting a number, however rough, on the imbalance this paper describes, because the
qualitative statement “preclinically saturated, clinically thin” is made about many targets and is
usually an exaggeration.

The preclinical side does not need quantifying by us; the rodent literature on rapamycin alone
in Alzheimer models is large enough to have supported a systematic review and meta-analysis of
cognitive outcomes across studies [26], which is a threshold most therapeutic hypotheses in this
disease never reach.

The clinical side is the striking number. The annual census of the Alzheimer’s disease drug
development pipeline catalogues agents in active trials by mechanism and phase [43]. Against that
inventory, the count of completed trials in Alzheimer’s disease with an explicit autophagic or
endolysosomal rationale is the eleven studies of Table 1 — and the largest of them, excluding the
sigma-1 programme whose autophagy claim is made only in its mechanism sentence, enrolled 168
participants [44], a trial completed in 2001 of a drug that raises lysosomal pH. Set beside the 3,808
participants randomised to a single GLP-1 hypothesis [18], or the 523 randomised to a single tau
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antibody, the disparity is not a matter of the target being early in development. It is a target that has
been mechanistically mature for two decades and has never had a properly powered, properly
instrumented human test.

The obvious explanation — that the compounds are unavailable — does not survive inspection.
Rapamycin, metformin, trehalose, lithium, hydroxychloroquine and nilotinib are all approved
drugs with decades of human safety data. The compounds have been available the whole time.
What has not been available is any way to tell whether giving them did the thing they were given to
do.
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3. The Direction of the Lesion: Induction
Intact, Completion Failing

The single most important fact for therapeutic design in this area is not that autophagy is impaired
in Alzheimer’s disease. It is where it is impaired.

The definitive human measurement was made in laser-captured CA1 pyramidal neurons from
early- and late-stage Alzheimer subjects and non-demented controls, analysed on a custom
microarray of 578 neuropathology- and neuroscience-associated genes and complemented by
protein and morphological readouts [3]. The result has three parts. First, autophagy-related genes
are strikingly upregulated — more so than any other gene ontology group — beginning at early
disease stages, with elevated expression of autophagosome components and increased LC3-positive
puncta. Second, lysosomal biogenesis is likewise increased, with activation of the MiTF/TFE family
of transcriptional regulators, and — a detail we will return to — with TFEB activation associated
more strongly with glia than with neurons. Third, and despite this early compensatory response,
substrate clearance progressively fails, reflected in autolysosomal accumulation of LC3-II and
p62/SQSTM1 and in expansion of autolysosomal size and total area. Autophagosome–lysosome
fusion was not evidently altered. The authors’ conclusion is that sustained induction in the face of
declining lysosomal clearance is what produces the disease’s characteristically florid autophagic
pathology.

This has a therapeutic corollary that is straightforward to state and has been almost universally
ignored in practice. If induction is already elevated and completion is what fails, then a
drug that induces autophagy is acting on the step that is working. In the best case it does
nothing. In a plausible case it fills a neuron faster with compartments it cannot empty.

The direction has independent support in mouse work using a tandem-fluorophore LC3
reporter, in which one fluorophore is quenched at acidic pH and the other is not, so that the
acidification state of every autophagic compartment can be read by colour in situ. In two amyloid
precursor protein models, autolysosomal acidification declined in neurons well before extracellular
amyloid deposition, in step with a measured fall in vacuolar-ATPase activity, and amyloid species
then accumulated selectively within the enlarged, de-acidified compartments [45,46]. It has support
from the opposite direction as well: blocking autophagosome formation by deleting Atg7 in the
neurons of an amyloid model markedly reduced extracellular amyloid deposition while raising
intracellular amyloid and accelerating neurodegeneration [47]. Removing the route by which the
deposit forms made the neuron worse.
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One qualification belongs here and is developed in Section 21, because it complicates the naive
prescription that follows from the above. “Restore acidification” is not the same instruction as
“lower lysosomal pH.” Lysosomal pH is a regulated set-point held between opposing conductances,
and recent reviews of neuronal lysosomal pH argue that dynamic instability in either direction is
pathogenic rather than that low pH is protective [48]; the microglial case has been reviewed
separately [49]. A therapy directed at the terminal step is a therapy aimed at a set-point, and the
assay that would guide it must therefore report deviation in either direction. This is an additional
reason that a readout is indispensable, not an argument against acting at the terminal step.

With the direction fixed, we turn to what was actually done in people.
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4. The Trial Record I — mTOR and the
Rapalogues

Rapamycin is the compound with the strongest preclinical case and the weakest clinical
instrumentation, and the gap between the two is a microcosm of the paper’s argument.

The preclinical case is old and robust. Inhibition of mTOR by rapamycin abolishes cognitive
deficits and reduces amyloid-β levels in a mouse model [6]; the molecular interplay between
mTOR, amyloid-β and tau, and its effect on cognitive impairment, was worked out in parallel [50];
and the animal literature is now large enough to have been meta-analysed, with a pooled effect on
cognitive deficits across models [26]. The mechanistic rationale is that mTOR inhibition
de-represses autophagy initiation and, through TFEB nuclear translocation, raises lysosomal
biogenesis [28].

The clinical record consists, as of this writing, of two small open-label studies, and neither
measured autophagy.

The first was a single-site open-label phase 1 trial in ten participants aged 55–85 with mild
cognitive impairment or early-stage dementia (Global Clinical Dementia Rating 0.5–1.0), given
rapamycin 1 mg/day for eight weeks [8]. Its primary aim was to evaluate central nervous system
penetrance by assaying drug levels in cerebrospinal fluid before and after treatment. The finding
was that rapamycin was not detectable in cerebrospinal fluid at either time point.
Twenty mostly mild adverse events occurred; systolic blood pressure and haemoglobin A1c rose;
multiple erythrocyte parameters fell; there were no significant cognitive changes; and cerebrospinal
fluid phosphorylated tau-181 and glial fibrillary acidic protein increased.

It is worth being precise about what this trial establishes and what it does not. It establishes that
at 1 mg/day for eight weeks, rapamycin does not reach measurable concentrations in the
cerebrospinal fluid of these patients. It does not establish that mTOR in the brain was unengaged
— cerebrospinal fluid concentration is an imperfect proxy for parenchymal exposure, and the
subsequent demonstration that a different compound is metabolised to its active form inside brain
parenchyma rather than in cerebrospinal fluid [15] shows how badly that proxy can mislead. Nor
does it establish that autophagy was unaffected, because autophagy was not measured. The trial’s
primary endpoint was a pharmacokinetic quantity standing in for a pharmacodynamic one, and
when the surrogate came back null there was no second instrument to consult.
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The second study addressed dose and schedule rather than effect: an open-label pilot of weekly
oral rapamycin in thirteen patients with early-stage Alzheimer’s disease, eleven at 7 mg weekly and
two at reduced doses, over 26 weeks, with blood concentrations sampled at four timepoints in week
13 [51]. It reported moderate interindividual pharmacokinetic variability, a terminal half-life
consistent with prior estimates, trough concentrations below immunosuppressive levels in all
participants, and a recommendation that the 48-hour post-dose sample is optimal for monitoring.
This is careful and useful work. It is also, entirely, about how much drug is in the blood.

The pattern is the one this paper is about. Both trials optimised exposure. Neither could ask, and
neither asked, whether the exposure achieved did anything to autophagy. A dose-ranging exercise
conducted without a pharmacodynamic endpoint is a search over a parameter whose optimum is
unknown and unknowable by the method employed.
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5. The Trial Record II — AMPK and
Metformin

Metformin’s rationale in Alzheimer’s disease is doubly indirect. It arrives from epidemiology — the
association between type 2 diabetes and dementia — and its autophagy connection runs through
AMPK activation and consequent mTORC1 inhibition. Both steps are plausible. Neither has been
measured in a patient’s brain.

The pilot human study randomised twenty non-diabetic subjects with mild cognitive
impairment or mild dementia due to Alzheimer’s disease to metformin then placebo for eight weeks
each, or the reverse [52]. Its most quoted finding is a pharmacological one: metformin was
measurable in cerebrospinal fluid at an average steady-state concentration of 95.6 ng/mL. This is a
genuine and useful result — it establishes central access, which the rapamycin study could not.
Executive functioning improved, with trends in learning/memory and attention; cerebral blood
flow by arterial spin labelling did not significantly change. The biomarkers collected were
cerebrospinal fluid Alzheimer markers, neuroimaging and cognition. There was no autophagy
measurement, and the rationale linking the drug to the disease was therefore untested in the trial
that tested the drug.

The larger programme now under way inherits the same instrumentation. Metformin in
Alzheimer Dementia Prevention (MAP) is a randomised phase II/III double-blind
placebo-controlled trial of extended-release metformin in amnestic mild cognitive impairment [53];
MET-FINGER combines metformin repurposing with a multidomain lifestyle intervention [54].
Neither protocol, as published, specifies an autophagic or lysosomal pharmacodynamic endpoint.

The broader evidence on glucose-lowering drugs and cognition is meanwhile not encouraging.
The GRADE randomised clinical trial compared glucose-lowering medications and glycaemia
against cognitive outcomes and found no differential benefit of the kind the repurposing hypothesis
anticipates [55]. This is not decisive against metformin — GRADE was not designed as a
dementia-prevention trial and its participants were not selected for Alzheimer pathology — but it is
the largest randomised evidence available and it points the wrong way for the hypothesis.

The instructive feature of the metformin programme for our argument is that it shows the
problem is not simply one of drug access to brain. Metformin gets into cerebrospinal fluid at a
quantified concentration. The programme still cannot say whether that concentration does what the
hypothesis requires, because the hypothesis is about a rate and the trial measured a concentration.
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6. The Trial Record III — TFEB, the
Transcription Factor Without a Drug

TFEB is the most attractive node in the network and the one with no clinical-stage agent aimed at it.
The attraction is well earned. TFEB is the master transcriptional regulator of a coordinated
lysosomal gene network [27], acting through a shared promoter motif that integrates the cell’s
clearance pathways [29] and linking autophagy to lysosomal biogenesis as a single programme [28].
(We note that a published erratum to the last of these was issued in 2025 [56]; see Section 26.) In
Alzheimer-relevant models, raising TFEB selectively clears aberrant tau species and rescues
neurotoxicity [7]; neuronally targeted TFEB accelerates lysosomal degradation of the amyloid
precursor protein and reduces plaque pathogenesis [30]; TFEB reduces the intraneuronal C99
fragment, which is the species the endosomal account identifies as the agent [31]; and
astrocyte-targeted TFEB facilitates amyloid-β clearance [32].

That last result is more consequential for trial design than it is usually given credit for, and it
pairs with a detail from the human tissue data. In laser-captured human CA1 neurons, MiTF/TFE
activation in Alzheimer’s disease was associated more strongly with glia than with neurons [3]. If the
compensatory transcriptional response is largely glial while the degradative failure that matters is
largely neuronal, then a bulk fluid measurement of TFEB reports predominantly the wrong cell.
Serum TFEB has in fact been measured across the Alzheimer continuum and found lower in patients
than in controls [10] — a level, in a mixed compartment, of a transcription factor whose activity is
defined by its subcellular localisation rather than by its abundance.

There is, at present, no selective small-molecule TFEB agonist in clinical development for
Alzheimer’s disease. Every human intervention with a TFEB rationale reaches it indirectly: through
mTOR (Section 4), through AMPK (Section 5), through cGMP/PKG (Section 8), or as a
nutraceutical. This matters for our thesis in a particular way. The absence of a direct agent is often
read as a medicinal-chemistry problem — transcription factors are hard targets. It is also a
measurement problem. A programme cannot rationally invest in a hard target when it has no way
to confirm that a candidate has hit it in the organ of interest. The two failures are not independent:
the missing assay raises the cost of the missing drug.
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7. The Trial Record IV — Trehalose, and
the Largest Clean Test Anyone Has Run

Trehalose is the compound that comes closest to a fair test of the autophagy-induction hypothesis in
a human neurodegenerative disease, and it did not happen in Alzheimer’s disease.

Oral trehalose has a well-known problem: it is a disaccharide cleaved by intestinal trehalase,
which limits systemic exposure and has confounded interpretation of oral studies. The HEALEY
ALS Platform Trial regimen avoided this by giving trehalose intravenously — 0.75 g/kg weekly
over 24 weeks, randomised 3:1 against matching placebo, stratified by concomitant edaravone and
riluzole, at 60 sites, within an adaptive phase 2/3 master protocol with prespecified futility rules and
interim analyses every twelve weeks [57]. The primary outcome was a Bayesian composite of the
relative rate of functional decline on the revised ALS Functional Rating Scale and survival. The
stated rationale was explicit: trehalose activates autophagy pathways in animal models of
neurodegenerative disease, with the potential to catalyse clearance of misfolded proteins in motor
neurons.

This is a well-constructed trial. It is adequately powered, properly randomised,
placebo-controlled, delivered by a route that solves the bioavailability objection, and run inside a
platform designed to make negative results interpretable. It is also, as far as the autophagy
hypothesis is concerned, uninterpretable — because the trial had no measurement of autophagy. If
the result is negative, there are at least four readings: trehalose does not induce autophagy in human
motor neurons at this exposure; it does, but induction is not therapeutic in this disease; it does, and
induction is harmful because completion is the failing step; or the hypothesis is right and the trial
was too short. Nothing in the data distinguishes them.

The same structure recurs in the smaller trehalose studies. A randomised double-blind
placebo-controlled trial of oral trehalose in spinocerebellar ataxia type 3 reported an interim
analysis on clinical scales [58]. A phase II randomised study of intravenous trehalose in Alzheimer’s
disease analysed circulating microRNAs by direct hybridisation and bioinformatics [59] — a
pharmacodynamic readout, and an imaginative one, but a readout of transcriptional consequence
rather than of degradative rate.

Trehalose therefore occupies a specific place in the argument. It is the disproof of the hypothesis
that the autophagy programme has failed merely for want of money, scale or rigour. Here was scale
and rigour, in the right route, under a platform protocol. What was absent was the dial.
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8. The Trial Record V — Sigma-1,
Phosphodiesterase-5, and the Autophagy
Rationale at Its Most Elastic

Two recent Alzheimer’s programmes carry an autophagy rationale in their published descriptions
while measuring nothing autophagic. They are worth separating from the repurposing wave
because in both cases the autophagy claim appears in the primary trial report itself.

Blarcamesine (ANAVEX2-73) is an orally available small-molecule activator of the sigma-1
receptor. The phase IIb/III trial, ANAVEX2-73-AD-004, randomised 508 participants with early
Alzheimer’s disease to 30 mg, 50 mg or placebo once daily for 48 weeks across 52 centres in five
countries [60]. Its own abstract states the mechanism as acting “through restoration of cellular
homeostasis including autophagy enhancement.” The endpoints were the co-primary ADAS-Cog13
and ADCS-ADL, the secondary CDR-SB, plasma Aβ42/40 ratio, and global brain volume by
MRI. Autophagy appears in the mechanism sentence and in no endpoint.

The trial’s interpretation has been publicly contested, in a letter raising concerns about the
conduct and analysis of the study published in the same journal [61], and the programme has since
been reviewed systematically [62]. We take no position here on the clinical claim. Our point is
narrower and holds whichever way that dispute resolves: a trial whose stated mechanism is
autophagy enhancement, and which measures amyloid ratio, brain volume and cognition, has left
its own mechanism untested. If the clinical result is positive, the field cannot attribute it to
autophagy. If negative, the field cannot exonerate autophagy.

AR1001 (mirodenafil) is a phosphodiesterase-5 inhibitor whose Alzheimer rationale runs
through cGMP/PKG signalling to autophagic and lysosomal function. Its phase 2 trial randomised
participants aged 55–80 with mild-to-moderate dementia (MMSE 16–26) at 21 US sites to placebo,
10 mg or 30 mg once daily for 26 weeks with an optional 26-week extension, against co-primary
endpoints of ADAS-Cog13 and ADCS-ADL change at week 26 [63]. Preclinical support includes
amelioration of Alzheimer-like pathology by multimodal actions [64]. Again: no autophagic or
lysosomal pharmacodynamic endpoint.

The sigma-1 and PDE5 programmes illustrate a specific hazard created by the missing assay,
which we call rationale elasticity. When a mechanism cannot be measured, it cannot constrain.
A compound may be described as an autophagy enhancer in its introduction and developed entirely
against clinical scales, and no data at any point in its life will contradict the description. Mechanisms
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that cannot be measured become rhetorical rather than experimental resources, and the field loses
the ability to tell an autophagy drug from a drug with an autophagy paragraph.
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9. The Trial Record VI — The
Repurposing Wave

Four further compounds have been tested in Alzheimer’s disease with rationales that are autophagic
or endolysosomal in whole or in part. Each is instructive, and one is instructive in a way that ought
to be uncomfortable.

Nilotinib is a tyrosine kinase inhibitor whose Alzheimer rationale is autophagic clearance of
misfolded protein. The phase 2 randomised, double-blind, placebo-controlled study enrolled 37
participants with mild-to-moderate dementia due to Alzheimer’s disease, biomarker-confirmed,
taking 150 mg daily for 26 weeks then 300 mg for a further 26 weeks [65]. The trial measured a
great deal: cerebrospinal fluid drug concentration, amyloid burden by positron emission
tomography, cerebrospinal fluid Aβ40 and Aβ42, hippocampal volume, phosphorylated tau-181. It
reported reduced frontal-lobe amyloid burden, reduced cerebrospinal fluid Aβ40 at six months and
Aβ42 at twelve, attenuated hippocampal volume loss and reduced phospho-tau-181. A companion
analysis examined cerebrospinal fluid microRNAs and inflammatory and vascular fibrosis markers
through discoidin domain receptor-1 [66]. This is, by the standards of the field, an unusually
well-instrumented small trial. It measured cargo, structure, inflammation and drug level. It did not
measure clearance.

Lithium has an autophagy rationale through inositol monophosphatase and
mTOR-independent autophagy induction, alongside GSK-3β inhibition. A randomised trial of
long-term lithium in older adults with amnestic mild cognitive impairment reported clinical and
biological effects [67], with long-term follow-up thirteen years after the original trial subsequently
published [68]; the literature has been meta-analysed across Alzheimer’s and Parkinson’s disease
[69]. The biological measures were cerebrospinal fluid Alzheimer biomarkers. No autophagy
endpoint appears.

Neflamapimod is the one compound in this list derived directly from the endosomal account:
a p38α kinase inhibitor that reverses Rab5 over-activation. The phase 2 REVERSE-SD study
randomised 161 biomarker-confirmed participants with mild Alzheimer’s disease to 40 mg twice
daily or placebo for 24 weeks against a primary endpoint of episodic memory improvement [70],
and did not meet it. The preclinical rationale and a randomised clinical evaluation in basal
forebrain cholinergic degeneration were reported together [71]; the programme then moved to
dementia with Lewy bodies, where a phase 2a informed the design of the phase 2b RewinD-LB trial
[72], and where response was found to be associated with plasma phosphorylated tau status — that



The Unmeasured Rate AdultCognitiveDisease.com

20

is, the programme progressed by identifying and excluding participants with Alzheimer
co-pathology [73]. The endosomal target was never measured in any of these patients; the
stratification that made the programme work was performed on a tau marker.

An aside on what a repurposing rationale is worth without a readout

Four of the compounds in this section — nilotinib, lithium, metformin, hydroxychloroquine —
reached Alzheimer’s disease by repurposing. This is now a large enterprise: formal pipelines exist for
prioritising repurposing candidates for multi-arm platform trials [74], and real-world evidence for
repurposable medicines in the Alzheimer pipeline has been critically evaluated using target trial
emulation [75].

The methodological attention devoted to selecting repurposing candidates is, on the evidence of
Table 1, not matched by attention to instrumenting them. This is a specific and correctable
asymmetry. A prioritisation pipeline that ranked candidates partly by whether their proposed
mechanism is measurable in humans would rank this set very differently, and would have ranked
hydroxychloroquine — whose mechanism is measurable in no human, and whose direction is
arguably the wrong one — below almost everything else.

Hydroxychloroquine is the uncomfortable one. It is a lysosomotropic weak base. Its
pharmacology is to accumulate in acidic compartments and raise their pH — that is, to do to the
lysosome what the disease is proposed to do. It was given to patients with early Alzheimer’s disease
for eighteen months in a randomised, double-blind, placebo-controlled trial of 168 participants, on
an anti-inflammatory rationale, and had no effect on progression [44]. Nobody measured lysosomal
pH, in that trial or since, because there is no human method for doing so. A drug whose mechanism
is the direct pharmacological reproduction of the proposed lesion was administered for a year and a
half to the relevant population, and the experiment yielded no information about the lesion at all. If
any single trial demonstrates the cost of the missing instrument, it is this one.
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10. What the Record Has in Common

Table 1 puts the audit in one place. The column that carries the argument is the last one.

Table 1 — Human trials in Alzheimer’s disease and related neurodegeneration
with an autophagic or endolysosomal rationale, and the pharmacodynamic
measurements they made.

Compound Node claimed Design, N Drug level
measured

Other effect
measures
made

Flux or
lysosomal
readout

Rapamycin [8] mTORC1 →
induction

Open-label
phase 1, n=10,
8 wk

CSF drug level
(undetectable)

CSF p-tau181
(rose), GFAP
(rose), cognition

None

Rapamycin [51] mTORC1 →
induction

Open-label PK
pilot, n=13, 26
wk

Blood levels, 4
timepoints

None None

Metformin [52] AMPK →
mTORC1

Randomised
crossover, n=20,
8+8 wk

CSF drug level (95.6
ng/mL)

CSF AD
markers,
ASL-MRI,
cognition

None

Trehalose [57] Induction
(TFEB-linked)

Randomised
phase 2/3, IV,
24 wk

Not reported in
abstract

ALSFRS-R,
survival

None

Trehalose [59] Induction Randomised
phase II, IV, in
AD

— Circulating
microRNAs

None

Blarcamesine [60] Sigma-1 →
“autophagy
enhancement”

Randomised
phase IIb/III,
n=508, 48 wk

— ADAS-Cog13,
ADCS-ADL,
CDR-SB,
plasma
Aβ42/40, MRI
volume

None

AR1001 [63] PDE5 →
cGMP/PKG

Randomised
phase 2, 26 wk

— ADAS-Cog13,
ADCS-ADL

None

Nilotinib [65] Autophagic
clearance

Randomised
phase 2, n=37,
52 wk

CSF drug level Amyloid PET,
CSF Aβ40/42,
p-tau181,
hippocampal
volume

None
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Compound Node claimed Design, N Drug level
measured

Other effect
measures
made

Flux or
lysosomal
readout

Lithium [67] mTOR-free
induction

Randomised,
aMCI,
long-term

Serum lithium CSF AD
biomarkers,
cognition

None

Neflamapimod [70] p38α → Rab5 Randomised
phase 2, n=161,
24 wk

— Episodic
memory, CSF
AD biomarkers

None

Hydroxychloroquine
[44]

(De-acidifies
lysosomes)

Randomised,
n=168, 18 mo

— Clinical
progression

None

Three features of this table deserve comment.

First, the last column is uniform. We have not found an exception. Across eleven
completed human studies spanning twenty-five years, four mechanistic nodes and two diseases,
autophagic or lysosomal function was measured in none of the participants. This is not a claim that
the trialists were careless; it is a claim about what was available to them.

Second, the pharmacokinetic column is doing the pharmacodynamic column’s
work. Where any mechanistic measurement was made at all, it was almost always drug
concentration. The rapamycin phase 1 states this explicitly — its primary aim was to evaluate central
nervous system penetrance [8]. When a field routinely elevates exposure to a primary endpoint, it is
telling you that it has no effect endpoint.

Third, the measurements that were made are measurements of cargo. Amyloid
PET, cerebrospinal fluid Aβ40/42, phosphorylated tau, hippocampal volume: every one of these
reports the accumulated product of a process, not the rate of the process. This is a coherent choice
in a production theory, where the product is the object of interest. It is close to uninterpretable in a
clearance theory, where the same product level can arise from a high production rate with normal
clearance or a normal production rate with impaired clearance. The clearance hypothesis has been
tested, throughout, with instruments built for the production hypothesis.

Why this happened is the subject of the next section.
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11. Flux Is a Rate

The core of the problem is arithmetic, and stating it in arithmetic makes clear why no amount of
better assay chemistry will solve it.

Let A be the abundance of autophagosomes in a cell — operationally, the quantity of lipidated
LC3 (LC3-II) on autophagosomal membranes, or the count of LC3-positive puncta. Let Jin be the
rate at which autophagosomes are formed and kout the first-order rate constant for their
consumption by fusion with lysosomes and degradation of their contents. Then

dA/dt = Jin − kout · A

and at steady state,

A = Jin / kout

Autophagic flux is Jin at steady state — the quantity of material passing through
the pathway per unit time. The measurable quantity A is a ratio. An elevated A is equally
consistent with a doubled formation rate and with a halved consumption rate. A normal A is
consistent with both rates doubled, both halved, or both normal. There is no function from a single
observation of A to either rate, and no improvement in the precision of the A measurement creates
one. The system is unidentified in the formal sense: the parameter of interest is not determined by
the data.

This is not an obscure point; it is the founding methodological principle of the autophagy field,
stated at length in successive editions of the community guidelines, which devote substantial space to
the distinction between “autophagy markers” and “autophagic flux” and to the errors that follow
from conflating them [76,77]. The guidelines’ operational prescription is unambiguous: to measure
flux, compare LC3-II (or an equivalent marker) in the presence and absence of an agent that blocks
lysosomal degradation — bafilomycin A1, chloroquine, leupeptin, or an equivalent. The difference
between the clamped and unclamped states is the flux.

The reason this works is worth making explicit, because it determines what any human assay
must reproduce. Adding a lysosomal inhibitor sets kout ≈ 0. The system then departs steady state and
A accumulates at rate Jin. Measuring the slope of that accumulation — or, in the common
two-timepoint version, the increment over a fixed interval — estimates Jin directly. The clamp
converts an unidentified ratio into an identified rate by removing one of the two unknowns.
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Every alternative laboratory approach does the same thing by other means. The
tandem-fluorophore reporters (mRFP-GFP-LC3 and its relatives) exploit differential pH-quenching
so that the acidification state of each compartment reports its position in the pathway, converting a
static image into a two-state observation within a single cell — this is the reporter with which
autolysosomal acidification failure was demonstrated to precede amyloid deposition in mouse
models [45]. The GFP-LC3-RFP-LC3ΔG probe is cleaved by endogenous ATG4 into a degradable
and a stable moiety, so that the ratio of the two reports cumulative flux against an internal control
generated in the same cell [78,79]. Metabolic labelling approaches measure the disappearance of
labelled substrate. In each case the assay obtains a second state: a blocked condition, a
pH-distinguished compartment, a co-generated control, or a time-resolved label.

The general principle: a rate cannot be recovered from any number of level
measurements taken in a single state. Recovering it requires either a perturbation of known
sign, an internal reference generated by the same process, or time resolution of a label. Any
candidate human assay must supply one of these three, and Sections 21 and 22 are organised
around that requirement.

A worked case

The abstraction is easier to hold with numbers, and the numbers are not academic: they correspond
to the two competing readings of the human Alzheimer data.

Take a control neuron with Jin = 100 compartments per hour and kout = 1.0 per hour, giving A
= 100. Now consider two diseased neurons.

Neuron X has doubled its formation rate as a compensatory response and retained normal
degradation: Jin = 200, kout = 1.0, so A = 200.

Neuron Y has a normal formation rate and has lost half its degradative capacity: Jin = 100, kout =
0.5, so A = 200.

The two neurons return an identical marker level, and they are in opposite therapeutic
situations. Neuron X is already doing the thing an inducer would make it do more of, and its
problem, if it has one, lies elsewhere. Neuron Y needs its degradative step repaired, and an inducer
given to it raises A to 400 without moving a single additional molecule through to degradation —
the cell accumulates faster and clears no more.

Now make it realistic. The human CA1 data indicate that both changes are present
simultaneously [3]: induction is up and clearance is down. A neuron with Jin = 200 and kout = 0.5
returns A = 400, which correctly signals severe abnormality but says nothing about which term to
treat. And a neuron with Jin = 50 and kout = 0.5 — halved induction, halved clearance — returns A
= 100, indistinguishable from the healthy control while passing material at half the rate. This last
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case is the one that should worry anyone proposing to use a level as a screening or stratification
variable: the marker is normal and the flux is halved.

The therapeutically relevant quantity in every one of these cells is Jin, the throughput. It is 100,
200, 100, 200 and 50 respectively, against marker levels of 100, 200, 200, 400 and 100. There is no
monotone relationship between the two columns, and no calibration curve can create one.
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12. Every Human Readout Is a Level

With the requirement stated, the audit of what exists in humans becomes short.

Cerebrospinal fluid LC3A and LC3B. The largest such study measured LC3A and LC3B
concentrations in cerebrospinal fluid in 568 participants from the Alzheimer’s Disease
Neuroimaging Initiative and related them to cognition, dementia risk, Alzheimer biomarkers,
microglial activity, brain volume and metabolism, cross-sectionally and longitudinally, with
subgroup analyses by ATN classification and receiver-operating-characteristic analyses of
discriminative performance [9]. This is a large, careful, well-powered study, and it reports a
concentration, in a single state, in a compartment whose relationship to intracellular LC3 is
unestablished.

Serum and cerebrospinal fluid mitophagy proteins. PINK1, BNIP3L and TFEB were
quantified in cerebrospinal fluid and serum from 246 individuals across the continuum from
cognitive unimpairment through mild cognitive impairment due to Alzheimer’s disease to
Alzheimer dementia [10]. Serum and cerebrospinal fluid PINK1 and serum BNIP3L were higher in
patients; serum TFEB was lower. Again: concentrations, single state.

Cerebrospinal fluid and serum ULK1. ULK1 was found reduced in serum and
cerebrospinal fluid with age in cognitively unimpaired participants and in patients with Alzheimer’s
disease across two cohorts totalling 391 people, in a study whose mouse arm demonstrated that
raising ULK1 stimulates autophagic flux and reduces pathology [11]. The contrast within that
single paper is the paper’s own demonstration of our point: flux was measured in the mouse; a level
was measured in the human.

Cerebrospinal fluid lysosomal network proteins. An early and under-cited study
measured a panel of lysosomal network proteins in cerebrospinal fluid as candidate Alzheimer
biomarkers [12]. Concentrations.

Cerebrospinal fluid p62/SQSTM1. Measured in dementia with the explicit question of
whether it could serve as an in vivo autophagy biomarker [13]. A concentration — and one with a
particularly acute interpretive problem, since p62 is both an autophagy receptor consumed by the
pathway and a transcriptional target induced by its stress.

That is the inventory. Five classes of measurement, all concentrations, none perturbed, none
compartment-resolved, and — a point taken up in the next section — none with an established cell
of origin.
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The strongest form of the objection to this section runs: these are early days; longitudinal within-person
change in a level is a rate. It is not, and the distinction matters. The longitudinal change in a
cerebrospinal fluid concentration is the rate of change of a ratio, which depends on the trajectories
of both Jin and kout and on the trajectory of whatever governs release of the marker into
cerebrospinal fluid. Longitudinal sampling improves precision on A(t). It does not identify Jin.

A second objection: a drug’s effect on the level is informative even if the level is ambiguous, because the
direction of the drug’s action is known. This is the best argument available for the current instruments, and
it is partially right — if one knew with certainty that rapamycin acts only on Jin, then a change in A
under rapamycin would be informative about kout. But the premise fails: mTOR inhibition raises
TFEB activity and therefore acts on lysosomal biogenesis as well as on initiation [28], so rapamycin
moves both parameters in the same direction, and the sign of its effect on A is genuinely
indeterminate a priori. The drugs the field most wants to dose are precisely the drugs for which the
single-state inference fails.

The instrument the field did build

It would be wrong to conclude from any of this that fluid biomarker development in Alzheimer’s
disease is immature or that the field is incapable of building instruments. The opposite is true, and
the contrast tells us what the conditions for success are.

Over roughly fifteen years the field built, validated and deployed a blood test for Alzheimer
pathology. Phosphorylated tau at residue 217 discriminates Alzheimer’s disease from other
conditions with diagnostic accuracy sufficient for clinical use, a conclusion now supported by
systematic review and meta-analysis across assay platforms and cohorts [80] (a correction to which
has since been published [81]); head-to-head comparisons of commercial platforms have been
performed [82]; and the analyte is used for enrolment, for stratification and, in at least one
programme, for exclusion — the neflamapimod development path in dementia with Lewy bodies
proceeded by using plasma phosphorylated tau to identify participants whose response differed,
effectively screening out Alzheimer co-pathology [73].

Two features made that achievement possible and neither is available for autophagy. The
analyte is a soluble protein exported from neurons into the extracellular space and
thence into cerebrospinal fluid and blood, so that a peripheral measurement has a defined
relationship to a central process. And the quantity of interest is genuinely a concentration — the
question “how much phosphorylated tau is there” is the question the pathology poses, and a level
answers it.

The same two properties account for the only unambiguously instrumented therapeutic
programme this disease has produced. The anti-amyloid antibodies were developed against amyloid
positron emission tomography as a target-engagement and dose-selection readout, and both pivotal
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trials report plaque removal as a quantity with a dose-response and a time course alongside their
clinical endpoints [83,84]. Whatever view one takes of the size of the clinical effect, the programme
could say what its drug did to its target, in the organ, in the patient. That is the capacity at issue in
this paper, and it is the capacity the autophagy programme has never had.

Autophagy has neither property. Its defining event is intracellular and its product is the absence
of material. The field’s demonstrated competence at building fluid biomarkers is therefore not
transferable, and the fifteen years that produced p-tau217 would not, applied to autophagy, produce
anything, because the effort would be directed at finding a better level.
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13. Three Ways a Level Misleads

The formal objection of Section 11 is that a level underdetermines a rate. Three further problems
are specific to the human Alzheimer setting, and each has an empirical demonstration in the
literature already cited.

The sign ambiguity is not hypothetical in this disease — both terms move, in
opposite directions, at once. The human CA1 data show autophagy-related gene expression,
autophagosome-component protein and LC3-positive puncta all increased, and substrate clearance
simultaneously decreased, with autolysosomal accumulation of LC3-II and p62 [3]. Any single-state
marker in such a brain is the resultant of two opposed changes of unknown relative magnitude. It is
the one circumstance in which a level is maximally uninformative, and it is the circumstance that
obtains.

The compartment problem: the readout is bulk and the lesion is local. The account
of the disease under test is specific about where the failure is — the terminal, acidification-dependent
step, inside the autolysosome, in neurons [45,22]. A cerebrospinal fluid concentration has no
compartment resolution whatever. Worse, the compensatory response that would dominate such a
measurement appears to be in the wrong cell: MiTF/TFE activation in Alzheimer tissue was
associated more strongly with glia than with neurons [3], and astrocytic and neuronal TFEB
manipulations have distinct consequences in models [32,30]. A fluid measurement of a lysosomal
transcriptional programme in Alzheimer’s disease may be predominantly a glial signal reporting
compensation, in a disease whose relevant lesion is neuronal and uncompensated.

The provenance problem: how the marker got into the fluid determines what it
means. A protein appears in cerebrospinal fluid by one of three routes — regulated secretion,
release in extracellular vesicles, or escape from dying or damaged cells — and the three have
opposite relationships to intracellular flux. If LC3 reaches cerebrospinal fluid chiefly from dying
neurons, its concentration is a neurodegeneration marker wearing an autophagy label, and would
be expected to correlate with neurofilament light rather than with any degradative rate. This is not a
speculative concern: the success of neurofilament light as a biomarker rests precisely on the third
route [85], and the recent demonstration that even neurofilament light shows a delayed, apparently
controlled release into the extracellular milieu rather than simple passive leakage [20] shows that
provenance is not settled even for the field’s best-characterised fluid marker. For LC3, PINK1,
BNIP3L, TFEB and p62 in cerebrospinal fluid, provenance is not merely unsettled; it is, as far as we
can determine, unexamined.
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14. Why Imaging Has Not Closed the Gap

If fluid cannot supply the measurement, imaging is the obvious alternative, and it is worth saying
plainly what is and is not available.

There is no positron emission tomography tracer in human use that reports autophagic flux,
and none that reports lysosomal pH. Searching the indexed literature for a human brain autophagy
tracer returns no primary reports. What exists is a set of adjacent measurements, each reporting
something other than the rate.

Fluorodeoxyglucose reports regional glucose metabolism — an energetic readout that would be
expected to fall with, among many other things, a failing ATP-consuming proton pump, but which
is not remotely specific to it.

Translocator protein tracers report microglial activation. They have been used as
pharmacodynamic markers in neuroinflammatory programmes, and preclinical work with a
brain-penetrant NLRP3 inhibitor used 18F-DPA-714 alongside dopaminergic tracers and
gadolinium-contrast MRI to demonstrate multi-modal target engagement in Parkinson models [86].
This is an instructive precedent for what an imaging pharmacodynamic package looks like when
one exists.

Amyloid and tau tracers report cargo. They are the most successful molecular imaging agents in
neurology and they are, for our purposes, measurements of the accumulated product — the
numerator problem of Section 10 in imaging form.

The reason no flux tracer exists is the reason of Section 11 in a different medium. A tracer
reports the concentration of a bound or trapped species, which is a level. To make it report a rate
one must either use the tracer’s own kinetics (requiring a compartmental model whose parameters
are themselves unidentified without a perturbation) or perturb the system. The pharmacological
clamp reappears, and with it the ethical objection.



Autophagic Flux and the Missing Human Assay An audit and a specification

31

15. The Preclinical Assays That Do Not
Travel

It is worth being precise about why the standard assays stop at the species boundary, because the
reason is not technical difficulty and cannot be engineered away by better instruments.

The clamp assay requires a lysosomal poison. Bafilomycin A1 is a vacuolar
H+-ATPase inhibitor; chloroquine and its relatives are lysosomotropic bases; leupeptin is a protease
inhibitor. Each works by disabling the degradative step in order to measure the rate at which
material arrives at it. Administering such an agent to a human being in order to measure autophagy
would mean inducing, deliberately and systemically, the exact lesion the disease is proposed to
consist of. There is a hard version of this objection (one should not poison a patient’s lysosomes for a
measurement) and a soft version that is scientifically more interesting: even if it were acceptable, a
clamp applied to a brain already at the edge of degradative failure would be expected to have
non-linear effects, so the perturbation would not be small and the estimate would not be of the
unperturbed rate.

We note in passing that a partial natural experiment exists. Chronic lysosomotropic agents are
prescribed in large populations — hydroxychloroquine most obviously, and the eighteen-month
randomised trial of it in early Alzheimer’s disease [44] is an eighteen-month human lysosomal
clamp with a clinical readout attached. The trial was neutral. Because no lysosomal measurement
accompanied it, the result constrains nothing about the lysosomal hypothesis.

The reporter assays require a transgene. The tandem-fluorophore LC3 reporters and
the GFP-LC3-RFP-LC3ΔG internal-control probe [78,79] are genetically encoded. Their elegance
consists precisely in generating the second state inside the cell being measured. That property is
what makes them untransferable: one cannot express a reporter in the neurons of a living patient,
and the readout is microscopic rather than remote.

The morphological assays require tissue. Immunogold electron microscopy on biopsy
material [2] and laser-capture microdissection of identified neurons [3] are the two techniques that
have produced the best human data in this area, and both require the brain. Biopsy is not a
clinical-trial instrument, and post-mortem tissue supplies a single frame from the end of a process
running for decades, at an unknown and variable post-mortem interval to which autophagic
compartments are notoriously sensitive.
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This is the crux of the paper. The three assay families that identify flux each require something
a living patient cannot provide: a poison, a transgene, or their brain. That is why the measurement
has not crossed over, and it is why closing the gap requires a different assay architecture rather than
a better version of an existing one.
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16. A Target Where the Readout Exists:
NLRP3

If the argument is that a missing readout explains a missing translation, the argument owes a
control. The NLRP3 inflammasome supplies one, and the comparison is close enough to be
informative.

The similarities are substantial. NLRP3 is an intracellular multiprotein complex, assembled in
the cytoplasm, predominantly in myeloid cells, whose activity is a rate rather than a level and whose
assembly is not directly observable in a living human. Its evidential position in Alzheimer’s disease is
comparable in strength to autophagy’s: NALP3 was shown to mediate the innate immune response
to amyloid-β through lysosomal damage [87]; NLRP3 was shown to be activated in human
Alzheimer brain and to contribute to pathology in APP/PS1 mice [88]; and inflammasome
activation was subsequently shown to drive tau pathology [89]. A well-characterised tool inhibitor,
MCC950, was developed and its binding site mapped to the NLRP3 ATP-hydrolysis motif [90].
Like the autophagy programme, this one is preclinically saturated.

The critical difference is a single structural fact about the target. NLRP3’s output is a
secreted cytokine. Activation cleaves pro-interleukin-1β and pro-interleukin-18 into mature,
exported forms. The consequence is that the activity of an invisible intracellular complex produces a
measurable extracellular species, in the compartment a lumbar puncture samples. Autophagy has
no equivalent: its output is the disappearance of intracellular material, and disappearance leaves
nothing to assay.

That difference has permitted a development path the autophagy programme has not had.
NT-0796 was designed as a brain-penetrant NLRP3 inhibitor and reported as a clinical candidate
for neuroinflammatory disorders [91]. Its unusual pharmacology was then characterised in detail: it
is an ester prodrug whose potency in human monocytes derives from cell-penetrance followed by
intracellular conversion to the active acid NDT-19795 by carboxylesterase-1 [92,93]. In a
high-fat-diet model, it and a related compound reversed obesity, systemic inflammation and
astrogliosis [94].

The clinical step is the one that matters here. A phase 1b open-label study administered 150 mg
twice daily to four elderly healthy volunteers for seven days and to ten subjects with Parkinson’s
disease for 28 days, with serial blood sampling and lumbar punctures [14]. It reported significant
cerebrospinal fluid exposure in both groups; reductions in systemic high-sensitivity C-reactive
protein, fibrinogen, interleukin-6 and interleukin-18; and reductions in neuroinflammatory markers
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including interleukin-1β in the cerebrospinal fluid of the Parkinson’s participants, which the authors
interpret as evidence of central target engagement. The pharmacological basis of the central effect
was subsequently established: human and non-human primate cerebrospinal fluid cannot
metabolise the prodrug, but brain parenchymal homogenates can, and carboxylesterase-1 in the
brain is expressed by a subpopulation of cells largely positive for the microglial marker IBA1 [15].

The compound has since been given an international non-proprietary name, ruvonoflast, and
tested in a properly randomised double-blind phase 1b in 63 participants with elevated
inflammatory and cardiovascular risk [16]. It met its primary endpoint with a posterior probability
exceeding 99%: geometric least-squares mean reduction in high-sensitivity C-reactive protein of
82.2% (95% CI 75.9–86.8) versus 37.2% (7.0–57.6) on placebo at day 28, with separation from day
3, return to baseline within seven days of discontinuation, and significant reductions in interleukin-6
and fibrinogen. Ten per cent of treated participants discontinued for transient reversible adverse
events, against none on placebo.

The class has moved elsewhere too: a selective NLRP3 inhibitor, selnoflast, completed a
randomised phase 1b in ulcerative colitis with a dose chosen to achieve 90% plasma interleukin-1β
inhibition [95] — note the dose-selection logic, which is exactly what the autophagy programme
cannot perform — and a second brain-penetrant inhibitor, MCC7840 (inzomelid/emlenoflast), has
been characterised preclinically with a multi-tracer PET-MRI pharmacodynamic package [86].

The two targets are not merely analogous; they are connected

There is a detail in the founding inflammasome paper that makes the comparison sharper than a
simple analogy, and it deserves to be stated because it cuts against any suggestion that we have
chosen a conveniently unrelated control.

The mechanism by which amyloid-β activates the NLRP3 inflammasome is lysosomal.
Phagocytosed fibrillar amyloid causes lysosomal swelling and rupture, releasing cathepsin B into the
cytosol, and it is that release which licenses inflammasome assembly [87]. The inflammasome signal
in Alzheimer’s disease is therefore, in substantial part, a readout of a lysosomal event — the same
organelle, the same failure of containment, the same disease.

This has two consequences for the argument.

The first is that the control is a strong one. If two targets sit on the same organelle in the same
disease, and one has produced a development programme with central target engagement
demonstrated in fourteen subjects over 28 days while the other has produced eleven uninstrumented
trials over twenty-five years, the difference is unlikely to be about the organelle’s tractability, the
disease’s difficulty, or the availability of compounds. It is about what the target emits.
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The second is more useful. If inflammasome activation is downstream of lysosomal membrane
permeabilisation, then cerebrospinal fluid interleukin-1β and interleukin-18 are, among other
things, indirect reporters of lysosomal failure — not of flux, but of one specific catastrophic mode of it.
This does not satisfy any of the six requirements of Section 21: it reports a level, of a downstream
consequence, in a myeloid cell, with no rate and no compartment resolution, and it will move for
many reasons unrelated to autophagy. But it is the closest thing to a lysosomal readout that human
medicine currently possesses, and it arrived by accident, as a by-product of an inflammation
programme. That a field hunting for a lysosomal measurement should find its nearest
approximation in a cytokine assay built for a different purpose is an accurate picture of where the
instrumentation stands.

A caution attaches, and it is the one that prevents this observation from being turned into a
proposal. Lysosomal rupture is the end state of the failure mode the disease account describes, not its
process. A marker of rupture will be at its most informative in the tissue and at the stage where cells
are already dying, which is where a preventive therapeutic most needs not to be aimed.
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17. What a Movable Readout Bought

It is worth itemising what the NLRP3 programme obtained that the autophagy programme did not,
because the list is shorter and more specific than enthusiasm for biomarkers usually implies.

It bought dose selection against effect rather than exposure. The selnoflast study
chose 450 mg once daily to achieve 90% interleukin-1β inhibition [95]. That is a dose chosen
against a pharmacodynamic target. Compare the rapamycin phase 1, whose primary aim was to
determine whether any drug reached the cerebrospinal fluid at all [8], and the rapamycin
pharmacokinetic pilot, whose recommendation concerned the optimal timing of a blood sample
[51].

It bought a go/no-go decision at phase 1. The NT-0796 phase 1b could conclude that
central target engagement had occurred, on evidence internal to the study, in fourteen subjects over
28 days [14]. No autophagy trial in Alzheimer’s disease has ever been able to reach that conclusion,
at any sample size or duration.

It bought a route by which failure would be informative. If a properly powered
NLRP3 trial in neurodegeneration now fails with cerebrospinal fluid interleukin-1β suppressed, the
field learns something definite: that central inflammasome activity is not on the causal path to
decline in the population and stage tested. This is precisely the inference the autophagy programme
cannot draw from any of its eleven negative or neutral studies.

It bought a mechanism-specific safety signal. A pharmacodynamic marker that returns
to baseline within seven days of discontinuation [16] tells a developer about reversibility, which is
information about risk as well as about efficacy.

What it did not buy is anything clinical. That is the subject of the next section, and the honesty
of the comparison depends on it.
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18. The Limits of the Contrast

Four qualifications must be attached to Section 16, and we state them at full strength because the
argument does not need the contrast to be flattering.

The Parkinson’s study was small, open-label and uncontrolled. Fourteen subjects,
no placebo arm, open-label administration [14]. Biomarker changes in such a design are vulnerable
to regression to the mean, to the effects of lumbar puncture itself on inflammatory markers, and to
expectancy. The randomised evidence for the compound’s anti-inflammatory effect is in a
cardiovascular population with a systemic endpoint [16], not in a neurodegenerative population
with a central one.

The most robust readout is peripheral. High-sensitivity C-reactive protein is a hepatic
acute-phase protein. An 82% reduction in it is a striking demonstration that the drug does
something to systemic inflammation; it is not a measurement of the brain. The central readouts —
cerebrospinal fluid interleukin-1β above all — are the ones that matter for neurodegeneration, and
interleukin-1β sits near or below the lower limit of quantification of many immunoassays in normal
cerebrospinal fluid, which makes a reported reduction technically demanding and dependent on
assay particulars.

No NLRP3 inhibitor has shown clinical benefit in any neurodegenerative disease.
The compounds are unapproved for these indications, the human data are preliminary, and a 2026
review of the neuroimmune network in Alzheimer’s and Parkinson’s diseases states as much
explicitly while characterising the NT-0796 phase 1b/2a as showing preliminary reductions in
biomarkers of axonal damage and T-cell activation in Parkinson’s disease [96]. We record that
characterisation as a review’s summary rather than as a primary result: the abstract of the primary
study names high-sensitivity C-reactive protein, fibrinogen, interleukin-6, interleukin-18 and
cerebrospinal fluid interleukin-1β, and does not name neurofilament light [14].

Soluble TREM2 has not, to our knowledge, been reported as a readout for this
compound. It is worth naming because it is the obvious candidate. Cerebrospinal fluid soluble
TREM2 is one of the best-validated microglial-state markers available: it rises early in Alzheimer’s
disease in association with tau-related neurodegeneration rather than with amyloid pathology [97],
and higher levels are associated with reduced subsequent cognitive and clinical decline [98]. Paired
with neurofilament light, whose serum dynamics predict neurodegeneration and clinical progression
years before symptom onset [85], it would give a neuroinflammation programme a two-sided
readout — a state marker and a damage marker. We have not found a published report of either in
an NT-0796 trial. The point of naming them is therefore not to claim that they were moved but to
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observe that in the inflammasome programme such readouts exist and could be applied, whereas in the
autophagy programme no analogous pair exists to apply.

The corrected form of the contrast is this. NLRP3 is not a success story; it is an instrumented story.
What the readout bought is the ability to be wrong informatively. That is a smaller claim than the
usual one and it is the only one the evidence supports.
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19. The Deeper Problem: Four Results
from 2025 and 2026

The obvious objection to everything above is that biomarkers have lately been a disappointment in
this disease, and that a field which has watched biomarkers move without patients improving might
reasonably decline to build another one. Four results from the last eighteen months make the
objection concrete. Two are peer-reviewed; two are not, and we handle them differently.

Valacyclovir (peer-reviewed). The VALAD randomised clinical trial tested valacyclovir 4
g/day against placebo in 120 participants with early symptomatic Alzheimer’s disease and herpes
simplex virus seropositivity, across three US memory-disorder clinics, with recruitment from
January 2018 to May 2022 and final follow-up in September 2024 [17]. The primary outcome was
change at 78 weeks on the 11-item ADAS-Cognitive subscale, with secondary outcomes including
ADCS-ADL, 18F-florbetapir amyloid PET standardised uptake value ratios across six brain regions
and 18F-MK-6240 tau PET across four medial temporal regions.

The result was not neutral. Least-squares mean change on the ADAS-Cognitive subscale at 78
weeks was 10.86 (95% CI 8.80 to 12.91) on valacyclovir against 6.92 (4.88 to 8.97) on placebo — a
between-group difference of 3.93 (1.03 to 6.83; P = .01) in the direction of greater cognitive
worsening on active treatment. Neither amyloid nor tau PET differed between groups. The
authors conclude that valacyclovir was not efficacious, that it was accompanied by cognitive
worsening, and that it is not recommended in this population.

Its rationale — an infectious contribution to Alzheimer pathogenesis — was strong enough to
justify the study, and the study was designed to test it in the enriched population where it should be
detectable. That it returned a harm signal rather than a null is the kind of result only an adequately
instrumented, adequately controlled trial can produce, and it is worth more to the field than a
neutral result would have been.

Oral semaglutide (peer-reviewed). The evoke and evoke+ trials randomised 3,808
participants with amyloid-confirmed mild cognitive impairment or mild dementia due to
Alzheimer’s disease, aged 55–85, across 566 sites in 40 countries, to oral semaglutide up to 14 mg
once daily or placebo for up to 156 weeks, with a primary endpoint of change in CDR-SB at week
104 [18]. Mean CDR-SB change from baseline to week 104 was 2.3 with semaglutide against 2.3
with placebo in evoke (estimated difference −0.08, 95% CI −0.35 to 0.20; P = 0.57) and 2.2 against
2.1 in evoke+ (0.10, −0.17 to 0.38; P = 0.46). Both trials were discontinued for negative clinical
outcome. The rationale — reduced dementia risk after GLP-1 receptor agonist exposure in animal,
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clinical and real-world data — was among the strongest epidemiological cases in the repurposing
literature, and the trials were among the largest ever conducted in the disease.

Two features of these trials are worth drawing out before turning to the unpublished results,
because they show that the field’s instrumentation problem is selective rather than general.

Both trials were adequately instrumented for their own hypotheses. VALAD enrolled only
herpes-seropositive participants — that is, it stratified on the presence of the factor its hypothesis
implicated — and measured amyloid PET across six regions as a secondary [17]. evoke and evoke+
required amyloid confirmation for entry [18]. These are well-designed studies whose negative
results are therefore interpretable: the field now knows something it did not know before.

Neither could have been designed that way for autophagy. The equivalent of “herpes-seropositive” for a
clearance hypothesis is “has demonstrable degradative impairment,” and there is no test for it. This
is the enrolment problem of Section 23 seen from the other end: the reason no autophagy trial has
enrolled on its own lesion is not that the idea has not occurred to anyone.

Posdinemab (conference disclosure; not peer-reviewed). Posdinemab (JNJ-63733657)
is a humanised IgG1/κ monoclonal antibody binding phosphorylated tau at amino acid 217. Its
peer-reviewed record comprises phase 1 studies in healthy participants and participants with
Alzheimer’s disease, which established linear pharmacokinetics and dose-dependent reductions in
free and total p217+tau in cerebrospinal fluid [99]; a bridging phase 1 study in healthy Chinese
adults [100]; and a mechanistic population pharmacokinetic–pharmacodynamic model built on
those data to guide phase 2 dose selection, which predicted that 1,000 mg and 3,000 mg every four
weeks would achieve greater than 90% reduction in interstitial-fluid tau seeds by day 391 and day
154 respectively [101].

The phase 2b result is not available as a peer-reviewed publication and we do not
cite one. According to reporting of the presentation at AD/PD 2026 (Copenhagen, 17–21 March
2026), the Auτonomy trial (NCT04619420) randomised 523 participants to 1,000 mg or 3,000 mg
posdinemab every four weeks or placebo, of whom 412 completed two years; the primary endpoint,
change in the integrated Alzheimer’s Disease Rating Scale for mild cognitive impairment, was not
met at either dose; cerebrospinal fluid p-tau217 was abolished at both doses by the one-year
timepoint and remained so; tau PET showed a slight reduction of accumulation in the
meta-temporal region but no difference from placebo in tau-naive regions; and the programme was
discontinued. This account rests on conference reporting and company
communication, not on a peer-reviewed paper, and should be treated accordingly.
What can be verified from the indexed literature is the antibody’s pharmacology and its capacity to
suppress cerebrospinal fluid p217+tau [99,101] — that is, the target-engagement half of the story,
and not the clinical half.
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Diranersen (company disclosure; not peer-reviewed). Diranersen (BIIB080) is an
antisense oligonucleotide lowering tau expression. Its phase 2 CELIA study (NCT05399888)
reported topline results by company press release on 14 May 2026, with detailed results presented at
the Alzheimer’s Association International Conference in July 2026. According to those disclosures,
the trial did not meet its primary endpoint, which was dose response for change from baseline
in CDR-SB at week 76; it reported reductions in cerebrospinal fluid tau and in tau pathology by
PET across all doses studied, without a clear dose–response relationship; and pre-specified analyses
reported slowing of clinical decline across dose groups, most notably at the lowest dose tested (60 mg
every 24 weeks). The sponsor announced continuation into registrational development. We have
found no peer-reviewed publication of these results and cite none. The evidentiary
status is company disclosure plus conference presentation; readers should weight it accordingly, and
the discordance between a missed primary endpoint and a positive interpretation is itself a reason
for caution.
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20. Three Kinds of Biomarker, and Which
One Autophagy Lacks

The four results of Section 19 do not undermine the argument of this paper. They sharpen it,
provided one distinction is held.

Biomarkers in therapeutic development do three distinct jobs, and conflating them is the source
of most of the confusion in this area.

A target-engagement marker answers: did the drug reach and act on its molecular target
in the organ of interest? Cerebrospinal fluid p217+tau under posdinemab is a near-perfect example
[99,101]. Cerebrospinal fluid interleukin-1β under NT-0796 is a partial one [14].

A pathway or pharmacodynamic marker answers: did the biological process the target
controls change? These are harder, because they require a measurement downstream of the target
and upstream of the clinical outcome. Tau PET under diranersen is one. Autophagic flux would be
one.

A surrogate endpoint answers: does a change in this quantity reliably predict a change in
clinical outcome? This is the hardest of the three, requires validation across multiple interventions,
and is the standard almost nothing in this field has met.

The 2025–26 results are, read correctly, failures of the third kind while the first two succeeded.
Posdinemab abolished its target-engagement marker and failed clinically; diranersen moved its
pathway marker at every dose and failed its dose-response primary. The correct conclusion is not
“biomarkers are useless.” It is that cerebrospinal fluid p-tau217 is not a validated
surrogate for clinical decline, which is a real and important piece of knowledge, obtained at
great expense, that the field did not have before and now does. The same holds for semaglutide and
valacyclovir: those trials tell us that GLP-1 agonism does not slow decline in early Alzheimer’s
disease, and that antiviral suppression in herpes-seropositive patients is not merely useless but
accompanied by faster cognitive worsening [18,17]. Both results constrain live hypotheses, and the
second constrains one rather sharply.

Now apply the distinction to autophagy. The autophagy programme lacks all three. It
has no target-engagement marker: no trial can say whether the drug acted on mTOR, AMPK,
TFEB or the lysosome in the patient’s brain. It has no pathway marker: that is this paper’s subject.
It has no surrogate, which is unsurprising since one cannot validate a surrogate one cannot measure.
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This yields the paper’s central methodological claim. An informative failure is expensive;
an uninformative failure is worse than expensive, because it is repeatable. When
posdinemab failed, the field could remove a hypothesis from the board. When a rapamycin trial in
Alzheimer’s disease returns null, nothing can be removed, because the trial cannot distinguish
between “autophagy induction does not help,” “the drug did not reach the brain,” “it reached the
brain and did not induce autophagy,” “it induced autophagy and the induction was harmful
because completion is what fails,” and “the dose or duration was wrong.” Five hypotheses enter and
five leave. The programme can, and does, run this experiment indefinitely without converging.

This is why the missing readout is not one deficiency among several. It is the deficiency that
prevents the others from being diagnosed.
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21. Specification: What a Deployable
Human Flux Assay Must Measure

We now state the requirement formally. An assay adequate to dose an autophagy-directed drug in
Alzheimer’s disease must satisfy six conditions. They are not equally hard, and we rank them by
difficulty.

R1 — It must report a rate. From Section 11: it must supply a second state, by perturbation
of known sign, by an internally generated reference, or by time resolution of a label. An assay that
returns a single concentration fails at the first requirement regardless of its precision, reproducibility
or biological plausibility.

R2 — Its second state must be tolerable. This is the binding constraint and the reason
the laboratory assays have not crossed over. The perturbation must be either non-pharmacological
(a label), or a drug whose action is bounded, reversible and independently justified. A systemic
lysosomal poison is excluded.

It is worth being exact about what “tolerable” permits, because the requirement is less
restrictive than it first appears and the distinction determines which architectures survive. Three
classes of second state are acceptable. A metabolic label perturbs nothing: a stable isotope is
chemically identical to its abundant counterpart and its administration is an observation, not an
intervention; this is why the stable-isotope labelling approach in this disease has been used in
cognitively unimpaired volunteers [102,20]. A therapeutic drug the participant is receiving
anyway supplies a second state for free — if a participant is being given an autophagy modulator
for therapeutic reasons, measuring before and during treatment is a within-person contrast that
costs nothing in additional risk. And an ex vivo perturbation of cells removed from the
participant is unrestricted, since the poison never enters the person; this is the entire basis of
architecture 22.3.

What is excluded is only the in vivo systemic block, and it is excluded twice over: once on safety,
and once — the more interesting objection — because in a brain near degradative failure a block is
not a small perturbation and the resulting estimate would not be of the unperturbed rate.

R3 — It must resolve the degradative step. The account under test locates the lesion at
the terminal, acidification-dependent step [45,22], and the direction of the human data is that
induction is preserved or increased while completion fails [3]. An assay that reported total pathway
throughput without distinguishing the two would miss the lesion’s defining feature, and would, in a
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brain with both raised induction and impaired clearance, return a misleadingly normal number.

R4 — It must be attributable to a cell type, or at minimum to neurons versus glia.
The compensatory transcriptional response in Alzheimer tissue appears to be predominantly glial
[3] while the account’s lesion is neuronal, and the relevant manipulations have cell-type-specific
consequences [32,30]. A bulk measurement that averages a compensating glial population with a
failing neuronal one may show no net abnormality in a brain in which both are severely abnormal.

R5 — It must report brain. A peripheral measurement of autophagy in leucocytes is a
measurement of autophagy in leucocytes. It may be a useful covariate; it is not the organ.

R6 — It must have within-person test–retest reproducibility sufficient for dose
titration. This is the requirement most often forgotten and it is quantitative. If the assay is to be
used as the rapamycin pharmacokinetic study used blood levels — to select a dose — then its
within-person coefficient of variation must be small relative to the effect size the drug is expected to
produce. The rapamycin pilot reported interindividual pharmacokinetic coefficients of variation of
0.28–0.40 and identified a sampling timepoint that minimised them [51]; an analogous
characterisation would be required of any flux assay before it could carry the same weight.

A seventh consideration is not a requirement of the assay but a constraint on its interpretation,
and it follows from Section 3. Because lysosomal pH is a regulated set-point held between opposing
conductances rather than a quantity to be minimised [48,49], an assay guiding a terminal-step
intervention must be able to report deviation in either direction. An assay calibrated on the
assumption that more degradation is always better would mis-dose the very intervention it was built
to guide.
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22. Four Candidate Architectures

We consider four routes to R1–R6, rank them, and specify what each would require. One of them,
we argue, is already assembled from published human methods that have not been joined.

22.1 Metabolic labelling of an autophagy-obligate cargo

This is the architecture we rank first, and the reason is that both of its halves already exist in
humans.

The principle. Administer a stable isotope label — the established approach in this disease
uses 13C₆-leucine — and follow the labelled fraction of a specific protein in cerebrospinal fluid over
time. The rise and fall of labelled protein gives the synthesis and clearance rates of that protein in
the central nervous system directly. This is stable-isotope labelling kinetics, and it is not a proposal:
it is an established human method in this exact disease, applied to tau, where it showed that tau is a
long-lived protein whose kinetics differ between neurons and the human central nervous system and
which is altered in Alzheimer’s disease [102] (with a published erratum [103]), and to the soluble
ectodomains of the amyloid precursor protein, whose isoform-specific metabolism was shown to be
quantifiable by the same approach [104].

The missing step, and why it is now available. To convert a protein turnover
measurement into an autophagy measurement, the protein must be one whose degradation is
autophagy-dependent. That link has been established for neurofilament subunits. Blocking
autophagy — pharmacologically with 3-methyladenine, or genetically by depleting ATG5 — raises
NEFL, NEFM and NEFH levels substantially, while activating autophagy with rapamycin lowers
them; intracerebroventricular infusion of 3-methyladenine raises neurofilament subunit levels in
mouse brain in vivo; and neurofilament proteins have been localised inside autophagosomes,
autolysosomes and lysosomes by tomographic confocal microscopy, immunoelectron microscopy
and biochemical fractionation [19].

The convergence. Neurofilament light kinetics in the human central nervous system have
now been measured directly by stable-isotope labelling in 35 participants across three cohorts —
primary tauopathies, a cognitively unimpaired and mild-cognitive-impairment cohort, and
suspected normal-pressure hydrocephalus — establishing that NfL turnover is slow, comparable to
tau, and showing an unexpected 3–6 day delay between synthesis and release into the extracellular
medium in human induced-pluripotent-stem-cell-derived neurons, which the authors interpret as
evidence for controlled rather than purely passive release [20].
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The proposal. Measure neurofilament turnover by stable-isotope labelling kinetics in the
same participant before and during administration of an autophagy-modulating drug. The change
in the clearance rate constant is a rate, in brain, of a protein whose degradation is
autophagy-dependent. The drug is the second state (satisfying R1 and R2), the measurement is
central (R5), and the protein is neuronal and axonal rather than glial (R4).

Against it, honestly. Four objections are serious. First, neurofilament is not an exclusive
autophagy substrate: calpain cleavage during Wallerian degeneration is well established and is
named in the same work [19], and proteasomal contributions are likely, so the measured clearance
rate is autophagy-dependent rather than autophagy-specific. The assay would report a composite
whose autophagic fraction requires separate estimation. Second, R3 is not satisfied: a turnover rate
reports total throughput, not the terminal step, and so would not by itself distinguish reduced
induction from failed completion — the very distinction Section 3 says matters most. A two-drug
design, using an agent known to act at initiation and one known to act at the lysosome, would be
required to decompose it. Third, the release delay [20] means the cerebrospinal fluid appearance
rate conflates degradation with regulated release, which is the provenance problem of Section 13
arriving in the assay itself. Fourth, in a disease whose defining feature is neuronal death, the
neurofilament pool is being fed by a third route that has nothing to do with turnover.

None of these is fatal, and each is addressable by design. They should be stated in any protocol,
and we state them here.

22.2 A bounded pharmacological clamp

The principle. Restore the laboratory assay’s logic with an acceptable agent: give a drug that
partially and reversibly inhibits lysosomal degradation, and measure the accumulation of an
autophagosomal marker during the window.

In its favour. It is the only architecture that directly satisfies R1 and R3 together, because a
lysosomal block is by construction a perturbation of the terminal step.

Against it. R2 is violated in spirit even if a tolerable agent could be found. Worse, the
pharmacology is non-linear in exactly the population of interest: a partial lysosomal block applied to
a neuron already near degradative failure is a large perturbation, not a small one, and the estimate
returned would not be of the unperturbed rate. And the natural experiment that most resembles it
has already been run without instrumentation: eighteen months of hydroxychloroquine in early
Alzheimer’s disease, with no lysosomal measurement [44].

We rank this last and mention it chiefly to be explicit that the obvious solution has been
considered and rejected.
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22.3 A peripheral cell challenge assay

The principle. Isolate monocytes or peripheral blood mononuclear cells from a participant, apply
a bafilomycin or chloroquine clamp ex vivo, and measure LC3-II accumulation. This is the standard
laboratory assay, performed outside the body, and it returns a true flux number.

In its favour. It satisfies R1, R2 (the poison is applied to cells in a dish, not a person), R3 and
R6. It is technically mature, cheap relative to imaging or labelling, and repeatable at every visit.

Against it. It fails R5 outright and R4 partially. It measures autophagy in a circulating
myeloid cell, not in a cortical neuron, and there is no established quantitative relationship between
the two. Its defensible use is therefore as a covariate and a systemic pharmacodynamic marker — evidence
that a given oral dose produces a measurable autophagic effect in some human cell — rather than
as a brain readout.

Two considerations raise its value above the dismissal it usually receives. The first is that
myeloid cells may not be the wrong compartment: carboxylesterase-1, the enzyme that activates the
NLRP3 prodrug inside brain parenchyma, is expressed by a subpopulation of cells largely positive
for the microglial marker IBA1 [15], which is a demonstration that a myeloid brain compartment
can be the pharmacologically relevant one. The second is that a peripheral flux assay would at least
prevent the specific failure mode of the rapamycin phase 1 [8]: a trial that could show no drug in
cerebrospinal fluid and no autophagic effect in blood is in a different epistemic position from one
that could show only the former.

22.4 An imaging readout of the degradative step

The principle. A positron emission tomography tracer that is trapped in a pH-dependent manner
would report the acidification state of the degradative compartment, and its washout kinetics under
a paired-scan design would approach a rate.

Requirements. Such a tracer would need a pKa positioned to discriminate across the
pathological range (roughly pH 4.5 to 5.5), sufficient brain penetration, rapid clearance of the
untrapped fraction, and a specific-to-non-specific ratio adequate for parametric imaging. No such
agent is in human use. The precedent for what a pharmacodynamic imaging package looks like
exists in the preclinical NLRP3 work, where four tracers plus contrast MRI were used in the same
animal to demonstrate multi-node engagement [86], and recent work on lysosomal surface
chemistry using DNA nanodevices indicates the measurement is being approached from the reagent
side [105].

Assessment. This architecture would satisfy R3, R4 (regionally, if not by cell type), R5 and
potentially R1, and is the only one that would give a spatial map. It is also the furthest from existing,
and its development timeline is measured in years rather than trials. We rank it second on merit and
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third on availability.

22.5 Ranking

Architecture R1 rate R2 safe R3 end
step

R4 cell R5
brain

R6
repeat

Availability

Labelling of an
autophagy cargo

Yes Yes Partial Partial Yes Unknown Published in two
halves; never
joined

Imaging of the
degradative step

Potential Yes Yes Regional Yes Unknown No tracer exists

Peripheral cell
challenge

Yes Yes Yes No No Likely Available now

Bounded
pharmacological
clamp

Yes No Yes No Yes Unknown Excluded on
safety

The practical recommendation that follows is a combination rather than a winner. A programme
could, today, run a peripheral challenge assay as a systemic pharmacodynamic marker and a
labelling study as a central one, in the same participants, at a cost that is small relative to a phase 2
trial and trivial relative to a phase 3. Nothing in the current state of the art prevents it. What has
prevented it is that the requirement has not been stated.
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23. How a Flux-Dosed Trial Would Differ

Suppose the assay existed. Four features of trial design would change, and it is worth specifying
them, because the changes are not cosmetic.

Dose would be selected against effect, not exposure. The current procedure is visible
in the record of Section 4: a dose is chosen from tolerability and pharmacokinetics, administered,
and its adequacy inferred from drug concentration [8,51]. The flux-dosed procedure is the one the
inflammasome field already uses: choose the dose that produces a specified fractional change in the
pharmacodynamic marker [95]. The difference is not marginal. Rapamycin’s dose–response for
autophagy induction is non-monotonic in several systems and its immunosuppressive and metabolic
effects rise with exposure, so the therapeutic window — if there is one — is defined by a
pharmacodynamic optimum that current methods cannot locate.

Participants would be enrolled by lesion rather than by syndrome. Every trial in
Table 1 enrolled on clinical stage plus, in the better ones, an amyloid or tau biomarker. None
enrolled on the abnormality the drug corrects. If autophagic flux were measurable, the natural
design would enrol participants with demonstrated impairment and stratify on its severity. This
matters more here than in most fields because of the direction of the lesion: a patient whose
induction is intact and whose completion is failing is a different pharmacological subject from one in
whom both are intact, and current trials contain unknown mixtures of both.

A direction check would become mandatory. This is the design change with the largest
expected effect and it follows directly from Section 3. If induction is already elevated and
completion is failing [3], then an inducer may accumulate undegraded compartments rather than
clear them, and the animal evidence is consistent with this being harmful rather than merely futile
[47]. A flux-instrumented phase 1 could test the sign of the drug’s effect before a phase 2 commits.
The current procedure cannot, and a trial that cannot detect that its drug is making the lesion worse
will read the resulting clinical outcome as evidence against the mechanism.

The phase 2 primary endpoint would be the rate. This is the change that would most
alter the economics. A dementia trial powered on a clinical scale requires hundreds of participants
and 18 to 24 months; the two largest trials in Section 19 required 3,808 participants and 156 weeks
[18] and 523 participants and two years respectively. A trial powered on a within-person
pharmacodynamic change requires tens of participants and weeks, which is what the inflammasome
programme achieved with fourteen subjects over 28 days [14]. The field could then afford to be
wrong quickly, which is the condition under which programmes converge.
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A fifth difference is a matter of interpretation rather than design, and it is the one that motivates
the whole exercise. A flux-instrumented negative trial would mean something. The five-hypothesis
problem of Section 20 would collapse to one or two, and the mechanism could be removed from the
board or promoted on the evidence. That is the object.

A concrete first study

Abstract requirements are easy to assent to and hard to act on, so we specify the smallest study that
would test the paper’s constructive proposal. It is not a therapeutic trial and should not be run as
one.

Design. Open-label, within-person, two-period. Participants serve as their own controls.

Participants. Twelve to sixteen people with biomarker-confirmed mild cognitive impairment
or mild dementia due to Alzheimer’s disease, and six to eight cognitively unimpaired age-matched
controls. This is the sample size at which the inflammasome programme reached a
target-engagement conclusion [14] and it is adequate for a within-person pharmacodynamic
question.

Period 1 — baseline kinetics. Stable-isotope labelling with 13C₆-leucine, with serial
cerebrospinal fluid sampling by indwelling catheter over 24–36 hours and continued intermittent
sampling thereafter, following the design established for tau kinetics in this population [102] and
applied to neurofilament light [20]. Primary analyte: neurofilament light. Secondary analytes,
measured in the same samples at no additional labelling cost: tau, to provide a within-study
comparator with published kinetics, and the soluble amyloid precursor protein ectodomains, whose
isoform-specific kinetics are quantifiable by the same method [104].

Interval. Four to eight weeks, during which the participant receives an autophagy-modulating
agent at a dose with established central exposure. Metformin is the pragmatic choice for a first study
because its cerebrospinal fluid concentration in this population has been measured [52]; rapamycin
is the mechanistically preferred choice but its central exposure at tolerated doses is in doubt [8].

Period 2 — on-drug kinetics. Repeat the labelling protocol.

Primary endpoint. Within-person change in the fractional clearance rate of neurofilament
light.

Pre-specified secondary endpoints. Change in tau clearance rate, as a specificity control:
if the drug moves neurofilament and tau clearance identically, the result is more consistent with a
general change in protein turnover or in cerebrospinal fluid dynamics than with an
autophagy-specific effect. Peripheral monocyte autophagic flux by ex vivo clamp (architecture 22.3)
at both timepoints, as a systemic pharmacodynamic covariate.
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What each outcome would mean. A drug-associated acceleration of neurofilament
clearance, not mirrored in tau, would be the first measurement of a human autophagic rate
response to a drug, and would license the stratified trial of Section 24, prediction 6. No change, with
peripheral flux demonstrably moved, would indicate that the drug does not reach or does not act on
the central compartment — a definite negative that the rapamycin phase 1 could not obtain. No
change anywhere would indicate inadequate exposure or an inactive dose, which is also definite. A
deceleration of neurofilament clearance would be the most interesting result of all, since it would be
the predicted signature of an inducer worsening a completion-limited system, and would justify
halting the therapeutic programme it was meant to enable.

What it would cost. Two labelling visits with serial cerebrospinal fluid sampling in
approximately twenty participants is a study of the scale routinely run in academic centres for tau
and amyloid kinetics. It is a small fraction of the cost of any of the trials in Table 1 and an extremely
small fraction of the trials in Section 19. The obstacle has never been the money.
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24. Predictions

The account above is falsifiable in specific ways. We list nine, with what each would show.

1.  No autophagy or lysosomal pharmacodynamic endpoint will be found in any
completed Alzheimer’s disease trial of an autophagy-rationale compound. We
have audited eleven (Table 1) and found none. A single counterexample of a completed trial
with a pre-specified autophagic-flux endpoint would substantially weaken the paper’s
empirical claim.

2.  A measured level of an autophagosome marker in human cerebrospinal fluid
will not correlate with a directly measured degradative rate in the same
individuals. This becomes testable as soon as any rate measurement exists, and is the
cleanest test of Section 11’s arithmetic in human material.

3.  Cerebrospinal fluid LC3A and LC3B will correlate more strongly with markers
of neuronal injury than with any lysosomal-functional measure. If provenance is
dominated by cell damage rather than by regulated release, the correlation structure of the
existing ADNI measurements [9] should already show this against neurofilament light. This
can be tested today, in existing data, at no cost.

4.  Cerebrospinal fluid or serum TFEB will track glial rather than neuronal
markers. Predicted by the human tissue finding that MiTF/TFE activation is glia-weighted
[3], and testable in the existing serum and cerebrospinal fluid TFEB dataset [10].

5.  In a flux-instrumented study, mTOR inhibition at clinically tolerated exposures
will raise autophagosome formation rate without raising degradative rate. This
is the paper’s substantive mechanistic prediction. If instead mTOR inhibition raises both —
through TFEB-mediated lysosomal biogenesis [28,27] — then the
induction-versus-completion framing of Section 3 is too simple for pharmacological purposes
and the therapeutic pessimism about inducers should be revised.

6.  Stratifying an autophagy-drug trial by a valid flux measure will produce a
treatment-by-stratum interaction, with benefit confined to participants whose
degradative capacity is preserved. This is the operational form of the direction
argument and the single most consequential prediction here.

7.  Neurofilament turnover measured by stable-isotope labelling will slow under
pharmacological autophagy inhibition and accelerate under induction, in the
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direction established in cells and mouse brain [19]. If it does not, architecture 22.1
fails and the paper’s constructive proposal falls.

8.  Trials of NLRP3 inhibitors in neurodegeneration will reach phase 2 go/no-go
decisions faster, and at smaller sample size, than trials of autophagy
modulators of equivalent preclinical support. This is a prediction about the sociology
of development, and it is measurable against the record over the next five years.

9.  A brain-penetrant NLRP3 inhibitor may fail clinically in neurodegeneration
while suppressing cerebrospinal fluid interleukin-1β. We predict this is more likely
than not on current evidence, and we state it because the paper’s argument does not require
the inflammasome programme to succeed. If it fails with its marker suppressed, the failure will
be informative, which is the entire point of Sections 16 to 20.
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25. Strength of Evidence

Every substantive claim in this paper is graded below. Established means multiple independent
laboratories, or a single result with internal replication and an intervention. Probable means one
good primary result, or a consistent body of work, not yet independently replicated in the form
stated. Inferred means assembled here from published parts, with no experiment addressing the
composite. Speculative means consistent with the evidence and not tested by it.

Table 2 — The four architectures against the six requirements.

# Claim Grade Load-bearing
evidence

What would move it

1 Early-endosome
enlargement is the earliest
disease-specific structural
abnormality in human
Alzheimer’s disease

Established Human sporadic and
Down syndrome tissue,
APOE-modified, absent in
comparison diseases [1];
gene-expression
confirmation in captured
neurons [3]

—

2 Autophagic vacuoles are the
predominant organelle in the
dystrophic neurites of the
neuritic plaque

Established Immunogold electron
microscopy on human
antemortem biopsy [2]

—

3 In human Alzheimer
neurons, autophagy
induction is increased while
substrate clearance fails

Probable Laser-captured CA1
neurons, transcript, protein
and morphological
readouts in one study [3];
consistent mouse reporter
data [45]

Independent replication
in human tissue with a
flux-capable method

4 The pathogenic species
acting on the endosome is
the β-carboxy-terminal
fragment, not amyloid-β

Established Isogenic human iPSC
panel from an independent
laboratory [21];
downstream v-ATPase
inhibition by the
phosphorylated fragment
[22]

—

5 Presenilin 1 is required for
lysosomal acidification

Contested Original report [40]
contradicted [41] and not
independently replicated as
stated

Independent replication,
or a decisive negative
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# Claim Grade Load-bearing
evidence

What would move it

6 Correcting the
endolysosomal lesion
improves pathology and
behaviour in rodents

Established Four independent nodes:
protease de-inhibition
[5,25], mTOR [6], TFEB
[7,30,32], ULK1 [11]

—

7 No completed human trial of
an autophagy-rationale
compound in Alzheimer’s
disease measured autophagy

Probable Audit of eleven studies,
Table 1

A single documented
counterexample

8 Autophagic flux is formally
unidentified from single-state
level measurements

Established Elementary; and the
operational basis of the
field’s own guidelines
[76,77]

—

9 Every existing human
autophagy readout is a
single-state level

Probable Inventory of five classes
[9,10,11,12,13]

A published human flux
measurement

10 No human PET tracer
reports autophagic flux or
lysosomal pH

Probable Absence in the indexed
literature; adjacent tracers
report metabolism,
microglia or cargo

A first-in-human tracer
report

11 The flux assay has not
crossed to humans because
its second state requires a
poison, a transgene, or the
brain

Inferred Assembled from the three
assay families [77,78,2]

A fourth assay family
not requiring any of the
three

12 NLRP3’s development path
was enabled by its output
being a secreted cytokine

Inferred Structural fact about the
target plus the
dose-selection logic in the
trial record [95,14]

—

13 NT-0796 achieves CSF
exposure and lowers CSF
interleukin-1β in Parkinson’s
disease

Probable Open-label phase 1b,
n=14, no placebo [14];
mechanism corroborated
[15]

A randomised
placebo-controlled
central replication

14 NT-0796 (ruvonoflast)
lowers systemic
inflammatory markers
against placebo

Established Randomised double-blind
phase 1b, n=63, primary
endpoint met [16]

—

15 No NLRP3 inhibitor has
demonstrated clinical benefit
in any neurodegenerative
disease

Established Absence in the record;
stated in a 2026 review
[96]

A positive randomised
clinical outcome
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# Claim Grade Load-bearing
evidence

What would move it

16 CSF p-tau217 is not a
validated surrogate for
clinical decline

Probable Posdinemab phase 2b
(conference disclosure, not
peer-reviewed); target
engagement itself is
established [99,101]

Peer-reviewed
publication of the phase
2b data

17 Valacyclovir and oral
semaglutide do not slow
decline in early symptomatic
Alzheimer’s disease, and
valacyclovir is associated
with greater cognitive
worsening

Established Two adequately powered
randomised trials;
valacyclovir ADAS-Cog
between-group difference
3.93 (1.03–6.83), P = .01
[17,18]

—

18 An uninformative failure is
epistemically worse than an
informative one because it is
repeatable

Inferred The five-hypothesis
argument of §20

—

19 Neurofilament subunits are
degraded by autophagy in
vivo

Probable Pharmacological, genetic
and morphological
convergence in cells and
mouse brain from one
laboratory [19]

Independent replication;
quantification of the
autophagic fraction of
total turnover

20 Neurofilament turnover can
be measured in the human
CNS by stable-isotope
labelling

Probable First human quantification,
n=35 across three cohorts
[20]

Independent replication;
test–retest
characterisation

21 A labelling study of
neurofilament turnover on
and off an autophagy drug
would yield a human
autophagic rate

Inferred Rows 19 and 20 joined;
never performed

Performing it

22 Autophagy inducers may
worsen a brain in which
completion has failed

Speculative Direction of the human
lesion [3]; Atg7 deletion
raising intracellular
amyloid and accelerating
degeneration [47]

A flux-stratified trial
showing a
treatment-by-stratum
interaction

23 Lysosomal pH is a set-point
whose deviation in either
direction is pathogenic, not a
quantity to minimise

Probable Recent reviews of neuronal
and microglial lysosomal
pH regulation [48,49]

A therapeutic
demonstration that
monotonic acidification
is beneficial
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26. Limitations

The audit is of the indexed literature, and absence of evidence is doing work. Several
of the paper’s claims — that no completed trial measured autophagy, that no human flux
measurement exists, that no PET tracer reports lysosomal pH — are negative claims established by
not finding something. We have searched the indexed literature systematically and found nothing;
we cannot exclude an unpublished measurement, a measurement buried in a supplementary table
we did not retrieve, or a trial whose registry entry names an endpoint its publication does not report.
The claim should be read as: if such measurements exist, they have not entered the literature in a form that has
influenced the field’s interpretation of its own trials.

Two of the four 2025–26 results are not peer-reviewed. The posdinemab and
diranersen accounts in Section 19 rest on conference presentation and company disclosure. We
have said so at each point of use, cited no publication for either, and graded the conclusion drawn
from posdinemab as probable rather than established (Table 3, row 16). If either account is
materially revised on publication, Section 19’s illustrative force changes; Section 20’s argument does
not, since it rests on the VALAD and evoke results, which are peer-reviewed.

One foundational citation carries a recent erratum whose content we have not
examined. The 2011 report linking TFEB to lysosomal biogenesis [28] had an erratum published
in 2025 [56]. We have not been able to retrieve the erratum’s content. We have therefore not relied
on any specific quantitative claim from that paper, and the propositions for which we cite it are
independently supported [27,29]. Readers building on the primary paper should consult the
erratum. A further seven cited works carry errata, listed in the accompanying verification record.

The neurofilament proposal rests on a single laboratory for one of its two halves.
The demonstration that autophagy degrades neurofilament proteins in vivo comes from one group
[19], and to our knowledge has not been independently replicated. We have graded it probable
rather than established (row 19). If it does not replicate, architecture 22.1 loses its substrate and the
remaining candidates are weaker.

The NLRP3 contrast may be flattered by selection. We chose the inflammasome
because it is the closest structural analogue with a readout. A sceptic could reply that the relevant
difference is not the readout but the target’s tractability, the commercial pull of a class with
cardiovascular and inflammatory indications, or simple chronology. We think the secreted-output
argument is the dominant one and have graded it as inferred (row 12) rather than established, and
Section 18 states the contrast’s limits at full strength.
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The paper does not establish that autophagy is a valid therapeutic target. It
establishes that the question has not been asked properly. Those are different claims, and the second
does not imply the first. It remains entirely possible that a valid flux assay would be built, applied,
and show that autophagy modulation does nothing useful in Alzheimer’s disease. That outcome
would be a success of the programme proposed here, not a failure of it.

The flux framing may be too coarse for the biology. Autophagy is not one process.
Macroautophagy, chaperone-mediated autophagy and the selective forms — mitophagy,
aggrephagy, lipophagy — have different machinery, different cargo and different relationships to
the disease, and the mitophagy literature in particular has developed its own human markers
[10,11,33]. A single scalar “flux” may be the wrong abstraction. We use it because it is the
abstraction the therapeutic programme has used, and because the arithmetic of Section 11 applies
to each selective pathway separately.
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27. Conclusion

The proposition that Alzheimer’s disease involves a failure of the cell’s disposal system is among the
better-supported mechanistic claims in the field. The proposition that this failure is therapeutically
addressable has been tested, in animals, dozens of times, and the animals have almost always
improved. The proposition has never been tested in a human being.

That is a strong statement and we mean it literally. Eleven completed human studies have
administered compounds whose rationale is autophagic or endolysosomal to patients with
Alzheimer’s disease or a related neurodegeneration. They have measured drug concentrations,
cognition, amyloid, phosphorylated tau, glial fibrillary acidic protein, hippocampal volume, cerebral
blood flow, microRNAs, and survival. Not one of them measured whether the disposal system
worked any better after treatment than before. The trials were tests of clinical benefit; they were
never tests of the mechanism, and they cannot be read as such.

The reason is specific and it is not remediable by effort. Autophagic flux is a rate. Every human
readout is a level. A level is the quotient of two rates and identifies neither. The laboratory solves
this by adding a lysosomal poison, by expressing a genetically encoded internal control, or by
looking at the tissue under an electron microscope, and each of those solutions requires something a
living patient cannot supply. So the field has proceeded with the instruments it had, which are
instruments for measuring the accumulated products of a process — amyloid, tau, atrophy — in a
hypothesis whose entire content concerns the rate at which products are removed.

The consequence is a programme that cannot learn from its own results. When a tau antibody
abolishes its target in cerebrospinal fluid and the patients decline anyway, the field learns that the
quantity moved was not on the causal path; that is expensive knowledge and it is knowledge. When
a rapamycin trial in Alzheimer’s disease returns null, five hypotheses remain standing, and the next
trial will return the same five. A field that produces uninformative failures can run forever without
converging, and this one has been running for fifteen years.

The contrast with the inflammasome is not that the inflammasome has succeeded. It has not; no
NLRP3 inhibitor has shown clinical benefit in any neurodegenerative disease, and it may well be
that none will. The contrast is that when the inflammasome programme fails, it will fail with its
central marker suppressed and its dose chosen against effect, and the field will be able to say what
was refuted. That capacity was bought by an accident of the target’s structure: NLRP3’s output is
secreted, and autophagy’s output is an absence.
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What follows is not a call for more mechanism. The mechanism is saturated. It is a call to build
one instrument. We have specified what it must do — report a rate, without a poison, resolving the
degradative step, attributable to a cell type, in brain, reproducibly enough to titrate a dose — and
we have argued that one architecture satisfying most of these requirements is already lying in the
literature in two pieces. Neurofilament subunits are degraded by autophagy in vivo. Neurofilament
turnover in the human central nervous system can now be measured. Nobody has put a drug
between the two measurements.

Until someone does, the therapeutics of the autophagic bottleneck will continue to consist of
well-designed trials of interesting compounds, conducted in the right patients, at unknown doses,
against an unmeasured target, and read as though their results meant something.
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