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Abstract: Lipofuscin is indigestible garbage that accumulates in the autophagic vesicles and cytosol
of post-mitotic cells with age. Drs. Brunk and Terman postulated that lipofuscin accumulation is the
main or at least a major driving factor in aging. They even posited that the evolution of memory is
the reason why we get lipofuscin at all, as stable synaptic connections must be maintained over time,
meaning that the somas of neurons must also remain in the same locale. In other words, they cannot
dilute out their garbage over time through cell division. Mechanistically, their position certainly
makes sense given that rendering a large percentage of a post-mitotic cell’s lysosomes useless must
almost certainly negatively affect that cell and the surrounding microenvironment. Here, I explore
the possibility that the accumulation of lipofuscin may to some extent exacerbate every other kind
of age-related damage. I do not think that lipofuscin removal will reverse/prevent all forms of aging,
just the major component facing us currently. In this piece, I will review what is known about
lipofuscin accumulation from evolutionary and mechanistic standpoints and discuss a method of
removing it from single cells in vitro.
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Introduction

Biological aging is a complex molecular process that takes place over time in all organisms.
However, organisms have evolved mechanisms to repair various forms of age-related damage. For
example, DNA repair enzymes exist that can fix damage in nuclear DNA. Mitophagy enables the
degradation of damaged mitochondria. The immune system, when one is young at least, eliminates
at least some proportion of one’s senescent cells.

There are many theories about why we age, but one stands out to me as being the most plausible
based on the evolutionary and mechanistic evidence. That is the “garbage catastrophe theory of
aging.” Drs. Brunk and Terman postulated years ago that the problem of aging can essentially be
summed up as a “garbage disposal issue [1].” The main idea is that basically old molecules are
sometimes damaged in ways that prevent the lysosomes from breaking them down properly, and
over time these damaged, old molecules accumulate inside the lysosomes. Eventually, the lysosomes
become full of this indigestible garbage, i.e., “lipofuscin”, and cannot perform their normal function
- then there is a garbage back-up and the cell starts to decline health-wise.

There are two arguments for lipofuscin removal being the most important goal of anti-aging
science currently. One is evolutionary and one is mechanistic.

Evolutionary Argument

In nature, there are only a handful of organisms that can be said to be essentially biological
immortal. Hydra vulgaris (i.e., magnipapillata) is one of such organisms, and the reason for this might
be that its indigestible garbage is essentially released from its body over time. It has three cell lineages
- ectodermal epithelial, interstitial, and endodermal epithelial. All the epithelial cells in its body
column are stem cells that continuously divide - displacing cells toward its extremities. The cells at
the extremities slough off eventually [2,3]. In terms of the interstitial lineage, the differentiated cells
that its stem cells produce are closely associated with epithelial cells and so are continuously
displaced as well. This is a convenient way to dispose of lipofuscin - i.e., through dilution and cell
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shedding. However, continuous replacement of neurons may not allow for the stable inter-neuronal
interactions required for long-term memory [4]. Lobsters continually grow throughout life; their fully
differentiated cells express telomerase, allowing them to keep dividing as needed [5]. This includes
the cells of their central nervous system, which allows for adult neurogenesis [6]. They also shed their
shells periodically. Thus, the same logic appears to apply to them. However, their growth process
does not appear to be fast enough to prevent lipofuscin from accumulating over time [7]. Notably,
lipofuscin accumulation in eyestalk ganglia [8] is used as a gauge of biological age in lobsters (and
myocardial lipofuscin accumulation can be used a marker of chronological age in humans [9]).
Lobsters can retain memories, but only for a short time span [10]. Naked mole rats are also very long
lived, and it has been shown that they have unusually active autophagic systems [11,12] (in addition
to better anti-cancer defenses [13]). Even with better autophagy, naked mole rats still do accumulate
lipofuscin in their post-mitotic tissues [14].

It appears as though all animals that age, e.g., flies [15], worms [16,17], lobsters, naked mole rats,
mice [18], non-human primates [19], and humans [20] accumulate lipofuscin in their post-mitotic
tissues. None of the aforementioned organisms seem to possess any evolutionarily “built-in” ways
of exporting the lipofuscin that accumulates in their post-mitotic cells from their bodies, presumably
because that would be an unnecessary expenditure of energy in light of procreation.

Export from the post-mitotic cells themselves is possible through exocytosis [21], extracellular
vesicle secretion, or secretory autophagy. That part is not too energetically costly. However, from in
vitro studies, it does not seem as though lipofuscin is exported from post-mitotic cells very often [22].
It also has only rarely been observed in vivo [23].

More importantly, when exported, there would ultimately be nowhere for the garbage to go
except to be picked up by tissue-resident or circulating phagocytes, which themselves become
bloated with lipofuscin. (Transfer of lipofuscin to tissue-resident phagocytes through tunneling
nanotubes [TNTs] or partial cell fusion is also theoretically possible.)

Lipofuscin within aged tissue-resident macrophages is perhaps mostly derived from damaged
molecules generated by their own, internal metabolic processes - rather than the phagocytosis of
extracellular, lipid-saturated debris or efferocytosis in the context of aged, lipofuscin-laden cells [24].

Crucially, I have seen no evidence in the literature that tissue-resident or circulating phagocytes
efficiently leave the body through migration to the gastrointestinal tract, urogenital tract, skin, or
lungs, except possibly when there are infections in those areas.

Mechanistic Argument

Lipofuscin is broadly a complex amalgam of highly oxidized cross-linked macromolecules,
including proteins, lipids, sugars, and metal cations. It varies in composition between species,
individuals, cell types, and plausibly even cells of the same type [20,25-27].

While it was originally widely believed that lipofuscin is inert, it may in fact permeabilize or
otherwise destabilize lysosomes and promote apoptosis or necrosis [20,28-31] Even if the damaged
molecules are mostly sequestered within lysosomes and are not actively harmful to the cell, the fact
that many lysosomes become full of garbage and therefore are almost surely unable to perform their
normal functions nearly as well just logically seems as though it must be a major problem for the cell.
If a critical threshold is reached in enough cells in a tissue, e.g., the brain, it clearly would be
problematic. The cells may try to produce more lysosomes - but will eventually reach capacity.

Along these lines, lipofuscin accumulation decreases the ability of cells to adapt to amino acid
starvation [32] and increases their susceptibility to oxidative stress [33]. Increases in the dietary intake
of metal cations such as Fe, which plays a key role in the formation of lipofuscin, augments
lipofuscin accumulation [34-36] and speeds up aging [37]. Manganese acts similarly [38].
Furthermore, artificial lipofuscin loading into human cells results in a significant loss of cellular
viability [39,40] - although it is unclear how similar artificial lipofuscin is to real, age-related
lipofuscin. Another study showed that the dietary intake of artificial lipofuscin shortens the lifespan
of Drosophila melanogaster [41].
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With regard to short-lived species, like mice and rats, lipofuscin may not have enough time to
accumulate to pathological levels before they die of cancer. It is estimated that 50-90% of aged mice
die of cancer [42]. Even still, it was shown that in the cerebral cortex neurons of lamina Vb in 630-700-
day old rats, lipofuscin occupied 23% of the soma volume [43,44]. This could still certainly have a
negative physiological effect. Unsurprisingly, we do see a cognitive decline in mice with age [45].
However, even the oldest mice do not develop age-related neurodegenerative disorders such as
Alzheimer’s disease, Parkinson’s disease, or amyotrophic lateral sclerosis [46]. Ostensibly, they
simply do not live long enough for sufficient build-up of lipofuscin in their neurons. Other conditions
like age-related macular degeneration and sarcopenia do occur in mice, but whether their most severe
cases are as bad as the most severe human cases is unclear to me. It is also possible that some mouse
tissues accumulate lipofuscin more rapidly than others due to cell type differences in metabolic rates,
etc. Some types of human neurons, for example, have not accumulated much lipofuscin by the time
others are nearly full [47].

With regard to humans, it has been demonstrated that multiple neuronal cell subtypes become
densely packed with lipofuscin granules with age [48-50]. In large motor neurons of centenarians,
lipofuscin constitutes up to 75% of total cytoplasmic volume [51]. Other post-mitotic cell types also
accumulate substantial amounts of lipofuscin [9,52,53]. Lipofuscin-laden lysosomes are often much
larger than typical lysosomes. The typical size of a lysosome in a fed, unaged cell is ~100 nm-500 nm
in diameter [54]. In contrast, lipofuscin granules are generally 1-5 microns in diameter [54].

Finally, lipofuscin accumulation also explains the downward spiral of functionality that is seen
in aging - i.e., the rapid acceleration in decline starting around 60-70 years of age [55]. That is because
the decline in autophagy probably increases the rate at which lipofuscin is formed by allowing
aggregates to stay around longer and develop further oxidative damage. Also, lipofuscin
accumulation may lead to more free radical production [56], thus accelerating its accumulation as
lipofuscin is heavily comprised of oxidatively damaged biomolecules. Furthermore, eventually,
when autophagy levels have decreased substantially in many cells in a tissue, the rate of
accumulation of other forms of age-related damage probably accelerates as well, which could further
accelerate lipofuscin accumulation.

If whole-body lipofuscin removal were started at 30 years of age and repeated periodically every
decade or so, the extracellular matrix (ECM) may be kept in a good condition. With regard the elderly,
however, the extracellular matrix may be an issue. That is because cells throughout their bodies
would have been disabled for so long - and would not have been able to properly take care of their
surrounding ECM during that time period. It is likely that lipofuscin removal will still be
substantially rejuvenating, however, as damaged ECM components can be excised - although they
may also be indigestible or become lipofuscin once inside the lysosomes of nearby cells. Induced
ECM turnover is also a possibility [57].

The hydra may also shed its ECM when it sheds cells, so perhaps lipofuscin shedding is not the
only consideration for that organism. The ECM surrounding its stem cells may not be shed or turn
over that frequently - but still remain youthful.

Testing the Importance of Lipofuscin Accumulation in Aging In Vitro Now

TFEB is the master regulator of autophagy (and lysosomal biogenesis) [58]. TFEB overexpression
increases lysosomal acidity and boosts lysosomal hydrolase levels in lysosomes. It was shown that
TFEB overexpression can shrink lipofuscin deposits - but this work was done in the context of a
transgenic mouse model with overproduction of an aggregating protein, which I would define as
“false” lipofuscin [59]. Namely, if the protein ceased to be produced and the cells weren't already
completely overwhelmed, it could be degraded over a reasonable amount of time by endogenous
lysosomal hydrolases.

TFEB could still be of use for true lipofuscin, however. It also induces the exocytosis of lysosomal
contents through fusion of the lysosomal and plasma membranes. One problem with boosting
endogenous exocytosis processes is that they may lose potency with age; oxidatively warped lipids
from lipofuscin may insert themselves into the membranes of the lysosomes that contain them and
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prevent efficient fusion with the plasma membrane. The main problem, however, is that the two most
well-known inducers of lysosomal exocytosis, Ca?* and TFEB, do not induce a substantial amount of
exocytosis - even in youthful cells [60,61].

Notably, a small molecule was shown to induce some lipofuscin exocytosis in monkey retinal
pigment epithelial cells, which are important in macular degeneration. However, this small molecule,
remofuscin, is a potent and reversible inhibitor of the H*/K* ATPase [62]. Proton pump inhibitors
increase lysosomal pH and activate TFEB - so remofuscin’s effects may not be additive with TFEB
overexpression.

In order to test the theory that lipofuscin is currently the main issue with regard to age-related
disease in a way that may be currently feasible, we could utilize a recently developed organelle
sampling FluidFM approach [63] to remove lipofuscin-laden lysosomes from single skeletal muscle
cells taken from biopsies of elderly humans [64-66]. By doing so, we could observe whether
lipofuscin removal reverses the age-related phenotype of these cells. We could also determine how
long they live in culture compared to untreated single skeletal muscle cells.

Along these lines, in one study, it was shown that at ~day 25, rat hippocampal neurons in vitro
have an aged phenotype, including dysfunctional mitochondria, higher reactive oxygen species
production, and at least one feature of senescence [67]. It was also shown that defective autophagy
was linked to this senescence-like phenotype - and that aged neurons in culture accumulate lipofuscin
[68]. Thus, if the post-mitotic cells’ lipofuscin were removed from the cells and new, functional
lysosomes were introduced exogenously or generated through TFEB, their aged phenotype may
reverse.

Cells from elderly patients may require a more extensive initial session of lipofuscin removal.
That is because once the garbage back-up is cleared at the end-point, i.e., the lysosomal level,
oxidatively damaged mitochondria would then be mitophagocytosed and cytoplasmic lipofuscin
granules would possibly be engulfed by autophagosomes and delivered to new lysosomes. Thus,
new lysosomes might be quickly overwhelmed again - and they should be exported as well. Perhaps
three rounds of lysosomal removal in quick succession would be appropriate for the first treatment
session. The elderly cell may also have autophagosomes that have been present for too long in the
cytoplasm. Their outer membranes may have become corrupted by oxidatively warped lipids; thus,
they may not even be able to fuse with new lysosomes. They might have to be exported as well.

It is important to keep in mind that while primary cell cultures often die after a few days-weeks
[69], the cause of death may not be related to normal aging. It may instead be related to infection or
hyperosmolality due to evaporation of the media [70]. These factors should be mitigated or negated
if possible. This is perhaps especially tricky when it comes to single-cell manipulations.

The FluidFM-based approach involves a small needle that penetrates the cell membrane and can
inject content into or aspirate content from a single cell [63]. Single skeletal muscle cells from elderly
patients could be injected with magnetic nanoparticles (MNPs) conjugated with a nanobodies that
target LAMP-1. Then, a magnetic field could be applied to cluster the lysosomes to one small area at
the plasma membrane. They would then be removed by the needle. New lysosomes could then be
injected to replenish the cell’s stores - or perhaps generated via transient, induced TFEB
overexpression.

To prevent cell death, one may need to co-inject some number of new lysosomes with the
nanobody-conjugated MNPs. The new lysosomes would first be pre-incubated with nanobodies that
are not conjugated to MNPs, however - to sterically block the relevant LAMP-1 site.

Figure 1 FluidFM for Lipofuscin Removal.

doi:10.20944/preprints202208.0229.v8
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Figure 1. (A) Single aged skeletal muscle cells are injected via the FluidFM needle with MNPs
conjugated to nanobodies against LAMP-1 and perhaps new lysosomes with sterically-blocked
LAMP-1. (B) The nanobodies conjugated to MNPs find their LAMP-1 targets on the surface of pre-
existing lysosomes. (C) Magnetism is used to cluster at least the majority of the pre-existing lysosomes
in one area of the cell (i.e, near the needle tip - opposite the region where new lysosomes were
injected). (D) The needle is used to aspirate the indigestible garbage-filled lysosomes. (E) Another set
of new lysosomes are injected into the cell where the pre-existing lysosomes were extracted.

Proof-of-Concept In Vivo

Proof-of-concept for lipofuscin removal in vivo could potentially be undertaken in an animal
model with various transgenes installed in a genomic safe harbor locus [71], once secretory
autophagy [72] of lysosomes can be reliably induced in a wide variety of cell types - ideally with a
small number of proteins overall.

Tissue-resident macrophages (TRMs) would secrete a peptide that activates a synthetic receptor
in post-mitotic cells [73], triggering a substantial duration of TFEB overexpression, as well as a burst
of secretory autophagy of old/mixed lysosomes.

For microglia, cycles of random migration and peptide secretion could potentially be effected
via inducible LRRK?2 inhibition [74], and for peripheral TRMs, inducible Bmall inhibition may suffice
[75]. For the latter, LRRK2 inhibition seems to have the opposite effect on as on microglia [76].



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 April 2024

7

However, in vivo migration in an extensive and random enough way may require a tactic involving
a self-generated chemokine gradient and a synthetic gene circuit like a noisy repressilator [77,78].

TFEB overexpression would generate new lysosomes in the cell to compensate for some of the
remaining unladen lysosomes being exported via secretory autophagy. TFEB-mediated lysosomal
exocytosis should be inhibited, however. That is because secretory autophagy would allow the
lipofuscin to stay encapsulated in the extracellular space, which would facilitate pick-up by
bioengineered macrophages in vivo - and perhaps reduce the chances of lipofuscin pieces to be taken
up by neighboring cells or even taken back up by the cells that ejected the granule initially.

Notably, mitochondria secreted via secretory autophagy seem to lack an encapsulating
membrane after export [79]; thus, in the case of lysosomes, a lysosomal membrane protein, e.g.,
LAMP-1, could be targeted by a TRM chimeric antigen receptor for phagocytosis (CAR-P) [80].

Secretory autophagy could possibly be enacted in one or more cell types via a particular strategy.
The cells could express a nanobody targeting LAMP-1 with a fused domain that interacts with Sec22b
- as well as an LC3-interaction region (LIR) [81]. They would also express Sec22b, Stx3/4, and
SNAP23/29 [72]. Furthermore, autophagosome-lysosome fusion could be inhibited via a dominant-
negative STX17 variant [82]. Targeting a plus-end directed motor protein to the “differentiated” cell-
containing autophagosome would also be of use to move it to the periphery.

TRMs could employ a synthetic gene circuit to count the number of lysosomes they phagocytose
[83,84]. Also, the phagosomes containing said lysosomes should be unable to fuse with TRM
lysosomes. Once an experimentally determined number of lysosomes have been phagocytosed - a
given TRM would asymmetrically divide, wherein one progeny cell inherits all of the aforementioned
phagosomes. They would also irreversibly express a receptor that would mediate their
chemoattraction [85,86] to the gastrointestinal lumen [87] for expulsion from the body. Alternatively,
if necessary, a device could be placed in the peritoneal space that slowly releases a chemoattractant
for the TRMs - allowing for non-invasive, albeit manually effected egress [88].

As whole lysosomes are being extracted from the body, true lipofuscin may not be required to
test the efficacy of the approach. Mice with a Cre-inducible, central nervous system (CNS)-specific
lysosomal storage disorder could be employed [89]. Alternatively, an adult version of the P301S
mouse model of tauopathy could perhaps be employed [59]. An immunocompromised mouse model
could be utilized for testing purposes. Also, extraction from the peritoneal space would perhaps be
easiest initially, as deschloroclozapine [85,86] can be slowly released from biodegradable beads
placed there laparoscopically [88].

Periodic whole-body lipofuscin removal:

In the future, the systemic depletion of tissue-resident macrophages (TRMs) could be effected
via the CSFIR inhibitors, PLX3397 [90] and PLX5622 [91] - perhaps combined with an anti-CD45
immunotoxin [92]. PLX3397 has been tested in clinical trials [93], and PLX5622, an inhibitor that
crosses the blood-brain barrier more efficiently than PLX3397, has been extensively tested in a
preclinical context [94]. BLZ945 is another BBB-permeable CSF1R inhibitor, which has been tested in
clinical trials [95]. “Lytic" anti-CD45 monoclonal antibodies have also been tested in human patients
[96]. Microglial depletion in non-human primates appears to be safe, and microglial depletion can be
effected multiple times in mice - as long as sessions are spaced out enough [94].

Notably, induced pluripotent stem cell (iPSC)-derived macrophages (iMacs) can be generated in
large quantities in bioreactors [97], and edited autologous iMacs could be intravenously infused to
repopulate the patient’s TRMs. iMacs take on the signature of the tissue they inhabit, to some degree
[98]. It is also possible to culture iPSC-derived monocytes in large quantities [99]; these may be more
suitable for systemic replacement, as they may be more able to take on the transcriptional signature
of multiple TRM-subtypes. Perhaps circulating monocytes can even be harvested and edited en masse
outside the body, and then reinfused.

One of the edits would be to have a CSFIR variant that resists PLX3397 and PLX5622, to enable
continuous selection of the iMacs or iPSC-derived monocytes over endogenous TRMs, which would
normally replenish themselves quite effectively - or be reseeded by circulating monocytes produced

doi:10.20944/preprints202208.0229.v8
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by the patient’s hematopoietic stem cells (HSCS) [100]. The edited TRMs could also at least transiently
secret a CD11b or CD64 immunotoxin when they reach their niches, to locally eliminate the patient’s
original TRMs.

Notably, a CD45 immunotoxin would also deplete the patient’s hematopoietic stem cells (HSCs)
[101]. However, clinicians could first edit HSCs with liposomally encapsulated mRNA [102] to
generate a CD45 variant receptor that can evade the immunotoxin [103]. However, it was recently
shown that TRMs have multiple subpopulations, two of which are replenished by patient HSCs [100].
One may need to edit the HSCs ex vivo to have the same (extensive) edits as the iMacs or iPSC-derived
monocytes.

Imbuing patient HSCs ex vivo with the same edits as the infused myeloid cells prior would also
allow for central tolerance of constitutively expressed gene products after lymphoid cell ablation via
an intravenously administered CD45 immunotoxin.

The CSF1R variant would also be helpful for the HSCs - as the aforementioned inhibitors may
affect HSCs as well as TRMs.

The edited TRMs could secrete proteins, RNA [104], and ribonucleoproteins [105] to
surrounding cells.

COURIER, a form of RNA export [104], could be used to initiate secretory autophagy of
lysosomes in surrounding cells, possibly using small RN As to activate endogenous genes. To enhance
the potency of the export process in this context, the RNA could be made self- or trans-replicating
[106,107]. The packaging capacity of COURIER is at least 9.8 kb - different cargos could potentially
be expressed and packaged into different nanocage copies, though - and alternative protein nanocage
architectures could theoretically allow for larger cargo capacities if necessary [104]. A benefit of using
nanocages rather than viral capsids is that they may be less immunogenic [104].

As TRMs only make up around 10% of many tissues, the motility aspect of approach would be
crucial. Microglial random motility can be increased via LRRK2 inhibition, although this may have
the opposite effect for other TRMs. Bmall inhibition is a possibility for TRMs as well. Perhaps a self-
driven chemotaxis gradient combined with a gene circuit like the represillator could be utilized to
enact migration in random directions for defined periods of time. However, other methods may be
required instead or in addition. A noisy lysis gene circuit could help; repopulation by the remaining
TRMs or by HSCs could increase the range of the treatment within tissues, as migration would be
inherent in repopulation since the TRMs are spaced out within tissues.

Lysis could also be a side effect of adenovirus, vaccinia virus [108], or HSV-1 vector replication
- as a means of transferring large DNA packets to surrounding cells. In the future, cytoplasmic
plasmids that replicate up to a controlled copy number set point could be donated to surrounding
cells as well. The same is true for a coronavirus, vaccinia virus, or an HSV-1 virus, all of which can
bud from the plasma membrane. However, for the coronavirus, vaccinia virus or HSV-1, if a copy
number control mechanism is utilized, continuous donation may be possible.

TRMs may wander outside of their host tissues, but perhaps they would simply assume the
identity of whatever tissue they end up in - at least given time.

Even with enhanced motility - TRMs in some tissues like the eye only make up 1% of the resident
cells. Induced replication of the TRMs in some tissues may be necessary - it will be important to
ensure that this does not cause excessive inflammation. M1 macrophages are typically considered
inflammatory, while M2 macrophages are anti-inflammatory. This binary classification may not
represent the entire picture with regard to macrophage phenotypic states, but may be sufficient in
this context.

Random motility should only occur - inducibly - when the periodic treatment is required - i.e.,
perhaps once a decade. Otherwise, it may impair the ability of the TRMs to fight infection.

One final mechanism of both motility and gene delivery is possible. Bacteria can take care of
both motility and gene delivery. If the TRMs contain bacteria that replicate up to a tolerable copy
number via quorum sensing - they could continuously donate them via secretory autophagy to the
surrounding cells. HSC-derived TRMs could secrete a chemoattractant molecule and entry receptor
for the bacteria - perhaps combined with a noisy gene circuit - so that some of the exported bacteria
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enter them and reach quorum sensing levels as well — for subsequent donation. Or, the HSC-derived
TRMs could be lysed by the self-renewing TRMs potentially - if depletion allows them to take over
the niches of the HSC-derived TRMs. This may put a lot of stress on the patient’'s HSCs, however.
Perhaps more hTERT expression would help with that potential issue. Alternatively, perhaps we
could shut down monocyte production from the HSCs - temporarily at least.

The TRMs can migrate randomly and secrete the bacteria - which could secrete a peptide small
molecule that causes the TRMs to “chase” them [109]. Also, the bacteria could enter surrounding cells
and lyse to release a replicating RNA component [110] - or a overproduce an engineered T4 phage
and lyse - to release DNA that can reach the nucleus of target cells [111].

Eventually, in an opposite strategy - the HSCs could be used to reseed all three niches potentially
- as artificial TRMs may not be healthy long-term [112].

The bacteria can express CD47 minimal peptides [113] or recombinant CD47 on their surfaces
and . A noisy gene circuit could allow them to shed the capsule when they need to enter target cells
- through a K5 lyase [114] and a few rounds of division. Also, a noisy gene circuit could cause lysis if
the bacteria are extracellular for too long - if they cannot enter a target cell for some reason. A lack of
ActA promoter activity after cell egress would trigger a countdown mechanism for this.

Also, asymmetric bacterial division inside the surrounding cells - perhaps in the context of a
Salmonella Typhimurium vector [115,116] - could lead to one bacterium lysing the vacuole and
overproducing the T4 phage - the remaining bacterium could detect whether gene transfection has
occurred properly.

During the process of lipofuscin removal, dexamethasone may be sufficient - along with the
capsule element - for attenuating immunogenicity.

Gene silencing is an issue for both surrounding cells and the TRMs/HSCs themselves. That is
why an RNA delivery method may be more ideal. Also, the TRMs/HSCs can be imbued with a kill
switch. Each time the treatment is required, some HSCs can be harvested and all the TRMs and HSCs
in the patient can be eliminated, followed by reintroducing the HSCs to their niches. New TRMs
would be infused, and hTERT overexpression in the reintroduced HSCs could help with
repopulation.

Whole-body lipofuscin removal should probably be effected once every decade - ideally starting
at ~30 years of age.

The innate immune response to dsRNA could possibly be attenuated by the expression of the
MERS-CoV ORFa protein [117].

As periodic induction would also be required in this context, the adaptive immune response to
the RNA-dependent RNA polymerase may need to be attenuated as well. First, the vector could
encode endogenous or deimmunized protein components [118]. Second, it may help if the vector
were to incorporate multiple, tandem miR-142-3p binding sites in the protein mRNA 3'UTRs [119].
Third, the vector could express the SARS-CoV-2 ORF6 protein, which inhibits the MHC class I
pathway [120].

As mentioned before, mice do not seem to accumulate as much lipofuscin as humans, so testing
this approach in mice would not necessarily be too informative. Non-human primates would be the
best model organisms in this context. However, perhaps pigs, cats, or dogs would be possible model
organisms that could be useful in this context, as well.

Periodic, whole-body lipofuscin removal should be tested in a preventative as well as a
rejuvenative and maintenance capacity.

There are two considerations for elderly patients - i.e., the rejuvenative and maintenance
capacity. Initially eliminating their TRMs may release a lot of lipofuscin into tissues. Perhaps that will
not be much of an issue, but if so - the therapy can be started immediately with the infused, edited
TRMs/edited HSCs, employing TRM TFEB overexpression and, round of symmetrical division, and
migration of one of the progeny cells to an extraction point.

TRM TFEB overexpression and asymmetric division could also be employed, but with
lysosomes being inherited by one progeny cell rather than phagosomes, as the much of the lipofuscin
released from the initial TRMs may have resided in their cytoplasms rather than lysosomes.

doi:10.20944/preprints202208.0229.v8
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Alternatively or in addition to the two previous mechanisms, a chaperone-mediated autophagy
(CMA) mechanism could potentially be employed. The TRMs could be bioengineered so that they
can detect when they are full of lipofuscin. One potential way of doing this would be to express a
TEVp variant of with a KFERQ-motif, which targets protein substrates for CMA [121]. When enough
lipofuscin has accumulated, TEVp would no longer be degraded. It would thus be free to liberate
cyclic or endoplasmic reticulum-tethered transcription factors [122,123]. Using a synthetic gene
circuit, it would be necessary to reach a threshold of TEV protease activity before expression of the
chemotaxis receptor is permanently activated via recombinase-mediated gene cassette inversion
[124].

Secondly, elderly patients will likely need an extensive first lipofuscin removal session for
reasons described in the in vitro section. Also, if extracellular matrix (ECM) turnover efficiency is
restored to youthful levels, damaged extracellular molecules could potentially be excised from the
surrounding ECM and taken up; at least some of them may be indigestible by lysosomal enzymes
[125].

In a previous piece, I called this strategy “CURE”, i.e., Clearance of Undigested Rubbish by
Encapsulation, but I think “ via Extraction” is better. (The version of whole-body lipofuscin clearance
that involves elimination in situ can also be encompassed by this acronym, of course.)

Again, ECM issues may be a problem - at least for the elderly. TRMs and the surrounding cells
could inducibly secrete enzymes to turn over the ECM more frequently than normal, at least if DNA
delivery is enacted to the surrounding cells.

Periodic, Systemic Senescent Cell Destruction

Periodic, systemic senescent cell elimination in the INK-ATTAC mouse model was shown in 2016
to substantially increase healthspan and lifespan [126]. The protein pl6™* has been shown to be
expressed at higher levels by senescent cells; thus, in the INK-ATTAC mouse model, a minimal p16rk4
promoter was designed to drive the expression of a small molecule-inducible Casp8.

Currently available small molecule-based senolytic drugs seem to be fairly weak, at least in
human patients [127]. Recently, researchers have employed CAR T-cells to destroy senescent cells,
although I'm not sure it is known how efficiently they can target senescent cells in the CNS after
intravenous infusion. Also, I don’t believe they’ve shown as impressive results as the genetic INK-
ATTAC model [128,129]. (CAR NK-cells are also being considered as senolytic agents [130].)

TRM replacement combined with COURIER could potentially be used for periodic senescent
cell destruction - using a tuned ADAR approach targeting the pl6™# transcript [131,132] involving
self- or trans-amplifying RNA, wherein the ADAR output is Casp8.

The amplification aspect could be limited via superinfection exclusion, copy number restriction,
and gene dosage compensation.

Additional Longevity Therapies THAT Involve “Tweaking Metabolism”

Dr. Aubrey de Grey has stated that therapies seeking to treat aging by altering metabolic
pathways, e.g., over or underexpressing various proteins, may be dangerous. Gene pathways have
evolved over billions of years, and there is much still to learn about how they interact with each other.
However, some of such interventions appear to be relatively safe in preclinical and clinical models.

For example, hTERT overexpression via adeno-associated viral (AAV) vector or cytomegaloviral
(CMV) vector [133,134] seem to be safe approaches for increasing the lifespan of mice. In fact, a single
human patient, Liz Parrish of BioViva, was intravenously injected with an AAV vector encoding
hTERT [135].

Partial reprogramming is potentially an option as well [136].

Periodic TFEB overexpression may be a safe way to increase the amount of time between
lipofuscin removal sessions [137].

FOXN1 expression in thymic epithelial cells may help to rejuvenate the aged thymus and
counter involution [138].
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Gene therapy could be crucial to help stave off cancer. Tumor suppressor protein overexpression
has been shown to decrease the risk of cancer without causing side effects [139-142]. In fact, PTEN
overexpression even seems to improve metabolism in mice [142]. Finally, DREAM complex inhibition
could enable as effective DNA repair in somatic cells as in germline cells [143].

These proteins could be continuously provided to target cells by the TRMs, but continuously
enhanced motility could be an issue for normal TRM functionality, and levels would likely be lower
than with continuous expression in the target cells. DNA construct delivery to the nucleus of target
cells would be better. As mentioned before, though, gene silencing could be problematic. Delivery of
endosymbiont bacteria to the cytoplasm of target cells and maintained expression would be more
ideal.

*Sequencing Our Mitochondrial and Nuclear DNA as Soon as Possible

Ideally, we would sequence our mitochondrial and nuclear genomes at as young an age as
possible, to make sure our “reference sequences” are as close to the original as possible. Perhaps
harvesting a small number of germline stem cells (GSCs) and sequencing the DNA from them would
be most appropriate. They appear to have the best nuclear DNA repair mechanisms of all male cells
[144] - and possibly the best mitochondrial DNA repair mechanisms. Evidence is starting to accrue
that female GSCs exist as well [145]. (Oocytes can be harvested up until menopause - they have very
efficient DNA repair mechanisms as well [146]; there are strict selection processes for oocyte
mitochondria [147].)

If there a few mutations scattered throughout our mitochondrial and nuclear DNA reference
genomes, however, it may not be much of an issue - or an issue at all.

Many, if not most individuals, may have mitochondrial heteroplasmy, wherein more than one
genome variant is present in their tissues. Homoplasmy may be more rare, but it has been shown in
mice that homoplasmy with a healthy genome variant allows for normal functionality [148].
However, it was also shown it is important for there to be a concordance between mitochondrial
genomes and an organism’s nuclear genome [149] - although this is in only in the context of aging.
Periodic lipofuscin removal may negate this issue. This is all to say that heteroplasmy should be taken
into account when seeking to define an individual’s mitochondrial “reference” genome or genomes.
We must be able to determine which of the patient’s mitochondrial genomes to utilize for their
treatment - whether that be one or possibly multiple.

*Possibly Saving Cells with Pristine DNA as Soon as Possible

While we may eventually be able to “print” entire eukaryotic genomes into patient-derived or
even synthetic cells, that may be a long ways off. We could save cells with pristine genomes for each
patient now, so that we can convert them to iMacs or iPSC-derived monocytes to effect the adult stem
cell replacement strategy described in the next section.

Eventually Fixing Nuclear and Mitochondrial Mutations

Dr. de Grey has suggested allotopic expression as a means of addressing mitochondrial DNA
mutations with age [150]. Another approach would be to utilize the bacterial “launch pad” here.
Bacteria can conjugate with mitochondria [151]. They could utilize a T4SS to inject pristine mtDNA
into patient mitochondria and proteins that degrade the old mtDNA (exploiting synonymous
mutations in the new mtDNA) [152].

Said proteins could also potentially be secreted by the bacteria then imported into the
mitochondria, rather than being injected via T4SS [153].

After conjugation, the bacteria could also lyse and release a replicating RNA molecule that is
subjected to copy number restriction. Proteins that degrade the old mtDNA could be continuously
expressed by the construct and imported into the mitochondria to select for the new mtDNA over a
longer period of time.
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Fixing nuclear DNA mutations and damage in stem cells and long-lived post-mitotic cells on a
fundamental level may be the most difficult challenge we face with aging. Notably, it has become
clear that nuclear DNA mutations damage accumulate with age in post-mitotic cells as well as stem
cells [154].

There may only be only feasible strategy for addressing this on fundamental level in the
relatively near future - “whole-body induced cell turnover” [155]. Edited TRMs could eliminate adult
stem cells via immunotoxins. They could also asymmetrically divide, wherein one progeny cell
dedifferentiates into an iPSC via Yamanaka factor expression. The empty niche could potentially then
guide the iPSC into engrafting and differentiating into the appropriate adult stem cell type. Then, the
new, edited adult stem cell could be induced to kill tissue-resident cells and divide to repopulate the
tissue. This could be a viable strategy even in the brain, if done slowly over time - and it may be
necessary in the short-term. The telomeres of the edited, adult stem cells could be elongated via
hTERT overexpression to enable more rapid repopulation of tissues than is typical.

However, iPSCs can form teratomas in vivo, so this may not be appropriate. The progeny cell of
the TRMs that is for reseeding adult stem cells may need to more directly convert to the given stem
cell type instead.

WILT

Blood cancers can be effectively treated with immunotherapy, although perhaps CAR T-cells
with multiple, orthogonal receptors targeting a number of ubiquitous cell surface ligands expressed
by the targeted white blood cell type could be employed in the future to avoid escape variants [156].

I have proposed a solid tumor treatment called “Oncolytic Vector Efficient Replication
Contingent on Omnipresent Mutation Engagement” (OVERCOME). It involves using an
intracellular, oncolytic vector that can only replicate once it has detected patient clonal mutations via
molecular switches [157,158]. However, cancer can theoretically evolve to resist essentially any
treatment. The ideal cancer therapy biologically speaking might be to pre-empt it entirely.

Dr. Aubrey de Grey proposed such a therapy, and called it “Whole-body Interdiction of
Lengthening of Telomeres” (WILT) [159]. This TRM replacement-based delivery system could also
help with WILT potentially. COURIER can mediate dual mRNA cargo delivery [104]. In this case, it
could be two mRNA molecules that together encode a heterodimer of evolved designer-recombinases
that excises hTERT from the genome of cells [160].

Patient stem cells would need to be periodically replaced for this to work. However, as
mentioned before, the ability to do so may be crucial for correcting nuclear DNA mutations anyway
- at least initially.

There is a possible version of WILT that can be implemented using “steward”, endosymbiont
bacteria. This might be helpful because cancer can lengthen their telomeres using a mechanism called
alternative lengthening of telomeres (ALT) as well as hTERT. However, ALT proteins are required
for cellular processes other than telomere elongation [161]. A bacterial steward could theoretically
“dole out” the ALT proteins as needed.

In the distant future, we almost certainly will be able to develop computerized microrobots
and/or nanorobots that can enter our cells, scan their DNA, and eliminate mutated, oncogenic
variants.

Conclusion

It would be extremely interesting to put the “garbage catastrophe theory of aging” to the test
with organelle-sampling FluidFM - using single skeletal muscle cells (in large replicate) from elderly
humans. If in vitro testing reveals lipofuscin accumulation to be a critical factor in the aging of such
cells, we will have to eliminate it in situ or remove it from the body somehow. Through synthetic
biology, I believe we can clear lipofuscin from our tissues.
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