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Abstract

Aging is a complex progression of changes best characterized as the chronic dysregulation of cellular processes leading
to deteriorated tissue and organ function. Although aging cannot currently be prevented, its impact on life- and
healthspan in the elderly can potentially be minimized by interventions that aim to return these cellular processes to
optimal function. Recent studies have demonstrated that partial reprogramming using the Yamanaka factors (or a
subset; OCT4, SOX2, and KLF4; OSK) can reverse age-related changes in vitro and in vivo. However, it is still
unknown whether the Yamanaka factors (or a subset) are capable of extending the lifespan of aged wild-type (WT)
mice. In this study, we show that systemically delivered adeno-associated viruses, encoding an inducible OSK system,
in 124-week-old male mice extend the median remaining lifespan by 109% over WT controls and enhance several
health parameters. Importantly, we observed a significant improvement in frailty scores indicating that we were able to
improve the healthspan along with increasing the lifespan. Furthermore, in human keratinocytes expressing exogenous
OSK, we observed significant epigenetic markers of age reversal, suggesting a potential reregulation of genetic
networks to a younger potentially healthier state. Together, these results may have important implications for the
development of partial reprogramming interventions to reverse age-associated diseases in the elderly.

Keywords: AAV, OSK, epigenetic, gene therapy, age reversal

Introduction pharmaceutical interventions (Blagosklonny, 2019; Gloss-

mann and Lutz, 2019).

HE WORLD’S POPULATION IS GROWING OLDER, with a

doubling of the median age from 1900 to 2020, leading
to increased societal burden (Partridge et al., 2018). Aging
is the strongest risk factor for most common human dis-
eases (Partridge, 2014), hence it is imperative to identify
antiaging interventions to delay or even potentially reverse
the aging process. Increasing longevity has historically
referred to extending the ‘‘lifespan” of an organism
through various interventions such as public health policies
(Merrill, 2014), caloric restriction (de Cabo et al., 2014,
Loépez-Otin et al.,, 2013; Swindell, 2012), or through
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One potential pitfall of increasing longevity is that it may
not necessarily improve quality of life or healthspan. For
example, an organism might live longer but still undergo
age-related diseases and physiological decline, although
over an extended period. In contrast, age reversal involves
restoring an organism to a younger state, counteracting the
effects of aging at the cellular level, and, consequently,
improving both health- and lifespan.

The other pitfall of longevity research is cycle time. For
assessment and development of potentially efficacious in-
terventions, it would necessitate waiting for the organism to
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die. Many groups are working to elucidate biomarkers that
are sensitive and correlate reliably with increased lifespan
(Horvath, 2013; Horvath and Raj, 2018; Hsu et al., 2020),
yet the current gold standard remains ‘‘time to death.”” This
readout works well for short-lived multicellular model or-
ganisms such as Caenorhabditis elegans (~3 weeks)
(Zhang et al., 2020) and Drosophila melanogaster (~70
days) (Piper and Partridge, 2018). At the mouse level,
testing antiaging interventions can take 0.5 to 3 years.

Using a cocktail of transcription factors, OCT4 (O), SOX2
(S), KLF4 (K), and c-MYC (M), collectively known as
OSKM or Yamanaka factors, seminal studies showed that
somatic cells can be reversed to a pluripotent state (Taka-
hashi and Yamanaka, 2006), thereby reversing a long-held
paradigm of unidirectional differentiation. By short or cyclic
induction of the Yamanaka factors in transgenic mice, inves-
tigators have demonstrated age extension in progeroid mice.
These transgenic mouse models encoded a polycistronic
OSKM cassette driven by a reverse tetracycline transactivator
(rtTA) (4F mice); cyclic administration of doxycycline led to
partial reprogramming without teratoma formation.

This paradigm partially ameliorated aging phenotypes
and extended the lifespan in the 4F-progeroid model
(Ocampo et al.,, 2016). Further studies showed that the
epigenetic profile assessed by epigenetic methylation clocks
(Browder et al., 2022; Chondronasiou et al., 2022; Horvath,
2013; Horvath and Raj, 2018) was rejuvenated by cyclic
OSKM induction in several tissues, correlated with their
improved function. Another study demonstrated that short
induction of OSKM in a myocardial infarction model alle-
viated myocardial damage and improved cardiac function
(Chen et al., 2021).

The translation of these proof-of-concept genetic studies
into therapeutic interventions holds promise for the growing
aging population but encounters two significant challenges:
(1) c-Myc (M) in the OSKM cocktail is an oncogene, and its
overexpression can lead to the development of tumors and
(2) OSKM is too large to be accommodated within existing
therapeutic delivery approaches, such as adeno-associated
viruses (AAVs).

The aforementioned challenges were effectively ad-
dressed by another previous study (Lu et al., 2020), dem-
onstrating the dispensability of c-Myc for rejuvenation,
allowing OSK to be packaged into AAV as a single poly-
cistron. When packaged by AAV2 capsid and delivered
intravenously to the eye, AAV-OSK presents the ability to
rejuvenate transcriptome and methylome in retinal ganglion
cells, leading to axon regeneration and vision restoration in
aged and glaucoma mice (Lu et al., 2020) and recently in
nonhuman primates of NAION disease (Ksander et al.,
2023).

Age-related histone markers were reversed by OSK in the
kidney and muscle (Yang et al., 2023), and continued long-
term OSK expression through AAV in the eye or liver was
ostensibly safe for up to 21 months (Karg et al., 2023; Lu
et al., 2020).

However, the critical question of whether partial repro-
gramming can extend lifespan in wild-type (WT) animals
remains unaddressed, highlighting the urgent need for in-
vestigation, preferably through a therapeutically feasible
method. In support of this endeavor, we independently
generated a systemically delivered two-part AAV system

with doxycycline-inducible OSK. By cyclic induction of
AAV9-mediated OSK expression in 2-year-old WT mice,
we observed a remarkable 109% increase in median re-
maining life with improved health condition relative to
doxycycline-treated control mice. Moreover, we showed
that such treatments lead to profound age reversal in the
heart and liver tissues, as well as human keratinocytes, as
assessed by DNA methylation clocks.

Materials and Methods
Vector and AAV generation

Constructs containing tetracycline-responsive element
version 3 (TRE3) promoter driving the expression of human
OCT3/4, SOX2, and KLF4 from a polycistronic transcript
(TRE3-0OSK) and second construct encoding rtTA version 4
driven by hEfla promoter (hEfla-rtTA4) were generated by
Genscript (Piscataway, NJ) as reported previously (Lu et al.,
2020). The constructs were packaged in AAV9 capsid to
generate AAV9.TRE3-OSK-SV40pA (1.556 E13 vg/mL)
and AAVO-hEfla-rtTA4-Sv40pA (1.88 E13 vg/mL) by
SignaGen (Fredrick, MD).

Mouse studies and frailty scores

Mouse experiments were performed at Jax laboratories
(AUS protocol #19063). Male CS57BL6/] (JAX Stock#
000664) mice aged to 124 weeks were injected with the two
viruses described above: each 1E12 vg/mouse (in 100 uL
volume) through retro-orbital route. Control mice were in-
jected with 100 uL. formulation buffer (phosphate buffered
saline [PBS]). Doxycycline induction was performed 1 week
on/l1 week off for the duration of the study, by providing
2mg/mL final concentration of doxycycline in drinking
water, same as prior AAV-0OSK study (Lu et al., 2020).

Control mice received doxycycline in water at the same
concentration as the vector-injected mice. The euthanasia
criteria were as follows: a rapid or sustained deterioration in
health status resulting in a body condition score of <2; tu-
mors or other masses that become ulcerated or interfere with
the ability of the animal to eat, drink, or ambulate; any pro-
lapsed organs that cannot be reduced and/or become ulcerated
and/or necrotic; any other condition that interferes with ability
to reach or consume adequate amounts of food or water.

Mice were individually weighed and assessed across 28
different variables including physical, physiological, and
innate reflex conditions, including simple sensorial and
motor tests, body temperature, and overall body condition
assessment. A frailty index (FI) score (Heinze-Milne et al.,
2019) is calculated per mouse by adding all individual
scores (excluding body temperature and weight) together
detailed in Supplementary Table S2.

DNA extraction from tissues and DNA methylation
age measurement

Mice that were healthy and euthanized at the end of the
study were selected for methylation studies. Tissue from the
liver and the heart was extracted using the DNeasy Blood
and Tissue Kit (Quiagen), following the manufacturer’s
protocol. Methylation analysis on the above extracted DNA
was performed by the Clock Foundation (Torrence, CA).
Lifespan Uber Correlation (LUC) clock algorithm and
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analysis has been described previously (Browder et al.,
2022; Haghani et al., 2022).

RNA extractions and quantitative polymerase
chain reaction (QPCR)

RNA was extracted using the Qiazol (Qiagen) and chlo-
roform phase separation method. cDNA was synthesized
using the PrimeScript 1st strand cDNA synthesis kit (Takara
Bio). Reaction was performed with the PowerUp SYBR
Green Master Mix (Applied Biosystems) and following their
recommended protocol.

Primers used for gPCR

Primer pairs Forward primer Reverse primer

Oct 4 GGCTTCAGACTTCGCCTTCT TGGAAGCTTAGCCAGGTTCG
Sox 2 TTTGTCCGAGACCGAGAAGC CTCCGGGAAGCGTGTACTTA
KLF 4 GCACACCTGCGAACTCACAC CCGTCCCAGTCACAGTGGTAA
GAPDH GGCAAATTCAACGGCACAGT GTCTCGCTCCTGGAAGATGG

Lentivirus production and keratinocyte transduction

Plasmids encoding polycistronic OSK driven by human EF /o
promoter, PsPax2, and PmD2.G were cotransfected into
HEK?293T cells with PEI and Opti-MEM (Gibco). The next day,
the medium was replaced with harvest medium containing
DMEM, 15% FBS, and 1% PenStrep (Gibco). Supernatant was
collected on days 3 and 4, filtered through a 0.45 polyethersulfone
membrane, and 1 X volume of Lenti-X concentrator (Takara Bio)
was combined with 3 X volumes of clarified viral medium and
stored at 4°C overnight. Viral medium was spun at 1500 g for 45
minutes and pellet was resuspended in DMEM. Virus was titered
using Lenti-X GoStix Plus (Takara Bio). Lentivirus encoding
GFP was purchased from VectorBuilder (Chicago, IL).

Lentivirus containing medium was added dropwise to
HEKO001 (ATCC CRL-2404) passage 110 containing
8 ug/mL of polybrene (Millipore-Sigma) at 2 different MOls:
0.5 and 1.0. Puromycin at 1ng/ul. (Millipore-Sigma) was
added on day 2 for selection. Surviving cells were expanded
and maintained with puromycin, changing medium every 3
days and splitting as necessary. On day 23 after selection,
cells were fully recovered from puromycin selection and thus
collected for immunoblot and methylation analysis.

Immunoblot analysis

Protein from cells described above was extracted on ice
using Lysis Buffer [Cell Signaling Technology (CST)] with
1 mM phenylmethylsulfonyl fluoride (PMSF) and protease
inhibitor cocktail. Cell lysis mixture was spun for 10 minutes
at 14,000 g/4°C, supernatant was collected, and protein was
quantified using Pierce Rapid Gold BCA Protein Assay Kit
(Thermo Fisher). Equal amounts of protein were loaded in a
4%—15% polyacrylamide gel (Thermo Fisher) and transferred
to polyvinylidene difluoride (PVDF) membranes and blocked
with 5% dry milk in Tris-buffered saline with 0.1% Tween®
20 detergent (TBST) for 1 hour at room temperature.

Membranes were incubated overnight at 4°C with pri-
mary antibodies. The following day, membranes were in-
cubated in a secondary antibody conjugated to horse radish
peroxidase (HRP) for 1 hour at room temperature and de-
veloped with ECL Prime Western Blotting Detection Re-
agent (Civita Life Sciences).
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Antibodies used for immunoblot

Name Cat. No. Manufacturer Dilution  Host species
Oct4 Ab181557 Abcam 1:1000 Rabbit

Sox2 Ab92494 Abcam 1:1000 Rabbit

Klf4 PA5-20897 Thermo Fisher 1:1000 Rabbit
GAPDH-AF488  MAB374-AF488 Millipore Sigma  1:1000 Mouse
Rabbit IgG-HRP  Ab6721 Abcam 1:2500 Goat

Results

Transgenic mouse models lack suitability for translating
therapeutic strategies to humans for age reversal. Therefore,
we employed an AAV system for the systemic delivery of
OSK. In addition, as age reversal therapeutics are not in-
tended for young humans, we selected extremely old mice
(124 weeks) as a model system to enhance translatability.
WT C57BL6/J mice have a median lifespan of ~ 129 weeks
(Yuan et al., 2012), equivalent to ~80 years in humans
(Ackert-Bicknell et al., 2015).

We drove inducible OSK expression in 124-week mice
(~77-year-old equivalent human age) using a two-part
AAYV system, where one vector carried a constitutively ex-
pressed rtTA and the other vector contained a polycistronic
OSK expression cassette driven by doxycycline responsive
TRE promoter (Lu et al., 2020) (Fig. 1a). A more tightly
regulated version of rTA (rtTA4) was employed due to its
superior performance in minimizing leaky liver expression
in the absence of doxycycline and faster on/off switching
compared with the traditional 7TA3 (Sinclair et al., 2021).

We selected AAV9 capsid and EFIa promoter to ensure
maximal distribution to most tissues (Inagaki et al., 2006
and Supplementary Table S1). We injected 124-week-old
WT C57BL6/J mice retro-orbitally with 100 uL containing
either PBS (formulation buffer) or 1E12 vg of each vector
for a total dose of ~6E13 vg/kg. We initiated the doxycy-
cline induction for both the control and AAV-OSK admin-
istered groups the day after injections and alternated weekly
on/off cycles for the remainder of the animals’ lives (details
given in Materials and Methods section).

Doxycycline-treated control mice had a median lifespan
of ~ 133 weeks, whereas the TRE-OSK mice had a median
lifespan of 142.5 weeks (Fig. 1b, c and Supplementary Fig. S1):
a remarkable 109% extension in median remaining life in re-
sponse to OSK expression (control mice had 8.86 weeks of life
remaining vs. 18.5 weeks for TRE-OSK mice). We further
compared the control doxycycline-treated mice with the his-
torical published data for BL6/J mice (Yuan et al., 2012) and
available through the mouse phenome database (https://
phenome.jax.org/projects/Yuan2); we found no significant
differences in median survival, suggesting that doxycycline
alone had no adverse nor advantageous effects (Fig. 1b).

In addition, a previous report has demonstrated that control
AAV9 expressing GFP at the same dose we used
(2e12vg/mouse) does not alter median lifespan when admin-
istered to 2-year-old mice (Bernardes de Jesus et al., 2012).

Aging is associated with an increased susceptibility to
adverse health outcomes that can be captured by clinicians
using a FI, where people are scored based on a subset of
age-related health deficits. High compound scores reflect a
frail state and increased susceptibility to poor health out-
comes (Searle et al., 2008). A similar index can be used in
mice to assess aging and effects of aging interventions
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Partial reprogramming with TRE-OSK leads to increased lifespan and improved frailty scores in very old mice. (a)

Schematic of the constructs, virus, and injection route used in the study. (b) Kaplan—-Meier curves for 124-week WT mice
injected with AAV9.TRE-OSK and AAV9.hEF1a-rtTA4 (both 1E12 vg/animal) through the retro-orbital route, and induced
with 1 week on/off doxycycline paradigm (TRE-OSK) showed median lifespan extension of remaining life by 109%
compared with either doxycycline-treated control animals (Control-Dox) or to historical published Jax data for B16/J mice
(Jax historical). Red arrow at top indicates AAV injections. Mantel Cox Log rank test, **p<0.05. (¢) Graph shows
remaining lifespan of individual mice (after injections at week 124) for data shown in (b). Two-tailed unpaired z-test;
**p <0.05. (d) FL the compound score of 28 different health parameters (range 0-1 in 0.5 increments), showed significant
reduction in FI for TRE-OSK mice at 142 weeks of age (18 weeks after injections) as compared with Control-Dox mice.

Student’s unpaired #-test, **p <0.05. AAV, adeno-associated virus; FI, frailty index; WT, wild-type.

(Heinze-Milne et al., 2019). We observed a significant re-
duction in the FI from 7.5 points for doxycycline-treated
control mice to 6 points for TRE-OSK mice (Fig. 1d,
p=0.0027), suggesting that increased lifespan correlated
with overall better health of the animals.

Molecular measures of cellular and tissue health have been
developed based on methylation patterns of genomic DNA.
“Epigenetic age,”” a well characterized and established aging
biomarker, can be calculated using these methylation pat-
terns. Such epigenetic clock biomarkers decouple chrono-
logical age (Bell et al., 2019) from the functional state of the
cells or tissues, while correlating better to aging, disease
state(s), and health outcomes (Bell et al., 2019; Durso et al.,
2017; Fransquet et al., 2019; Xiao et al., 2021).

Matching with previous reports of AAVO tissue tropism
(Supplementary Table S1), we observed that high OSK
expression in the liver and heart, but contrary to AAV9,
failed to see high expression levels in the brain of mice that

received AAV9-EF1a-rtTA4 and TRE-OSK (Supplementary
Fig. S2). The lack of brain expression of OSK is likely to
low cotransduction of dual AAVs and lower DOX pene-
tration. Therefore, we isolated DNA from heart and liver
tissue from control and TRE-OSK-treated mice at time of
death and measured the epigenetic age with the LUC clock,
which correlates age-related CpGs with maximum lifespan
(Browder et al., 2022; Haghani et al., 2022). Both liver and
heart from the OSK treatment group have significantly re-
duced epigenetic age compared with control (Fig. 2a).

To assess the rejuvenation effects of OSK overexpression
in human cells, we expressed OSK in HEK001 keratinocytes
isolated from the scalp of a 65-year-old male patient, even
though this cell line has been immortalized to prevent rep-
licative senescence, several studies by the Steven Horvath
and Ken Raj group show that the increase of DNAm age is
not prevented by immortalization (Kabacik et al., 2022;
Kabacik et al., 2018; Lu et al., 2018). We confirmed, by
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FIG. 2. Partial reprogramming with TRE-OSK leads to age reversal as assessed by DNA methylation age. (a) Measurement
of DNA methylation age acceleration in mouse liver (left panel) and heart (right panel) from control doxycycline-treated
mice (Control-Dox) or TRE-OSK mice using LUC epigenetic clocks trained on the indicated tissues. Age acceleration is the
difference between clock age and chronological age (Supplementary Table S3) *p <0.05, p=0.0139 for liver and p=0.0414
for heart by unpaired #-test. (b) Human keratinocytes isolated from the scalp of a 65-year-old male patient transduced with
lentivirus at two different MOIs (0.5 and 1.0) expressing OSK showed epigenetic age reversal as compared with control GFP
transduced or nontransduced (WT) cells. n=2 technical repeats for each group. One-way ANOVA with Holm-Sidak’s
multiple comparisons test. ***p <0.001. LUC, Lifespan Uber Correlation; ns, not significant.

immunoblot, the exogenous expression of OSK in these
keratinocytes transduced with lentivirus (Supplementary
Fig. 3a—c).

Next, we found significant epigenetic age reversal in
keratinocytes treated with OSK as compared with either
untransduced or GFP transduced cells (Fig. 2b). Taken to-
gether, our mouse and keratinocytes data suggest that AAV-
mediated gene therapy delivering OSK increases lifespan in
mice with improved health parameters and reverses bio-
markers of aging in mouse and human cells.

The necessity for cotransduction of both AAVs (EFla-
rtTA4 and TRE-OSK) into the same cell could potentially
limit tissue distribution, hindering the observation of more
extensive whole-body rejuvenation and a greater extension of
lifespan. Considering the safety of continued OSK expression
through AAV in the eye or liver for up to 21 months (Karg
et al., 2023; Lu et al., 2020), coupled with sustained vision
improvement surpassing that of a cyclic OSK regimen (Karg
et al., 2023), we engineered a single noninducible AAV
vector (pAAV-CMV-0OSK) to explore its potential to reach
tissues in aged mice with reduced AAV titers.

Remarkably, using 1/10th of the AAV at 1.7ell
vg/mouse, we observed robust OSK expression in the liver,
heart, and spleen of both 8-week-old and 82-week-old mice
(Fig. 3). This encourages further investigation into the
noninducible single OSK AAV’s capacity to rejuvenate
tissues and its impact on lifespan in future studies.

Discussion

In modern societies, aging is the highest risk factor as-
sociated with most diseases and mortality (Partridge, 2014).
The goals of regenerative medicine are to improve tissue

and organ function and to correct disease states. Cellular
rejuvenation through partial reprogramming has been shown
to be a promising avenue to achieve the goals of regenera-
tive medicine, as it targets the epigenetic information loss
during aging and injury (Lu et al., 2023; Yang et al., 2023).
Here we show that in human cells, exogenous expression of
an OSK leads to profound age reversal as observed by the
restoration of genomic methylation patterns to those that are
characteristic of younger cells, a validated hallmark of
chronological age reversal (Bell et al., 2019; Haghani et al.,
2022; Xiao et al., 2021).

To our knowledge, we have shown for the first time an
extension of remaining median lifespan in extremely old
WT C57BL6/J mice concomitantly with improved health
outcomes as a consequence of a systemic AAV-based partial
reprogramming therapy. Experiments to assess the epige-
netic programming hallmarks in specific tissues, along with
thorough analysis of the RNA profiles at single cell level
(Roux et al., 2022), will be required to make broader con-
clusions as to which pathways are reprogrammed to a more
youthful state.

Teratoma formation has been observed in partially re-
programmed animals, particularly when c-Myc is used in the
partial rejuvenation cocktail (Abad et al., 2013; Ocampo
et al., 2016; Ohnishi et al., 2014; Senis et al., 2018). Al-
though poorly invasive and poorly metastatic, teratoma
formation is unlikely to be accepted by the FDA, hence tight
control of the partial rejuvenation factors will be a key at-
tribute for safe and efficacious rejuvenation therapies. We
did not notice any gross teratoma formation when we pro-
cessed the tissues from animals receiving AAV9-EFla-
rtTA4; TRE-OSK or AAV9-CMV-0OSK, or during the frailty
score measurement (Supplementary Table S2).
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These observations, along with recent advances in vector
development and optimization, tissue-specific promoters,
and inducible systems (Domenger and Grimm, 2019; Li and
Samulski, 2020), engender cautious optimism that a partial
rejuvenation therapy can be safely delivered in humans.
Prudent and thorough monitoring studies in large animals
will be required to assess the safety and efficacy of partial
rejuvenation studies.

We assessed whether in vivo partial cellular rejuvenation
is sufficient to extend lifespan and healthspan in a relevantly
old population and to remove a major barrier to the systemic
delivery of three Yamanaka factors within a single vector.
Investigators have hitherto shown transduction of specific
organs with combinations of OSK or OSKM, but with each
encapsulated in a separate vector (Senis et al., 2018). For
therapeutic development in humans, having three separate
vectors  significantly increases the complexity of
manufacturing, drug product specifications, and adminis-
tration protocols for clinical development.

Based on our novel proof-of-concept studies in an ex-
tremely aged mouse population (equivalent to >80 years of
age in humans) and previous studies in younger mice
(Browder et al., 2022; Lu et al., 2020; Ocampo et al., 2016),
we envision therapeutic rejuvenation in aged humans, first
in a specific age-related disease setting and later for thera-
peutic healthspan and lifespan extension.

Limitation of the study

Although we showed a lifespan extension with AAV-
OSK compared with DOX-treated control mice and JAX
historical mice lifespan, it would be ideal to have an addi-
tional control group of AAV scramble or AAV-GFP to rule
out any potential effect of AAV. That said, previous report
has already demonstrated that control AAV (AAV9-GFP)
infection (at the same dose used in this study) in 2-year-old
mice does not alter median lifespan at all (Bernardes de
Jesus et al., 2012). Due to a limited availability of aged
female mice, we focused our investigation solely on male
subjects.

We examined AAV expression in limited tissues from
mice in the lifespan study, from the combined consequences
of a cyclic induction protocol and allowing the mice to reach
a humane endpoint resulted in most mice being found dead
instead of euthanized. The cyclic induction protocol meant
that at any given time a mouse died, only half the mice are
expressing OSK and even less than that are maximally ex-
pressing OSK, as maximal expression would only be
achieved on day 7 of Dox induction. However, we were still
able to observe some expression in liver and heart, and our
single constitutive AAV-OSK vector tissue distribution data
suggest additional spleen expression (Fig. 3).

Other data from published literature on AAV9 tissue
tropism suggest that there are potentially more tissues with
OSK transduction, however, the need for coinfection and
doxycycline bioavailability appears to further limit which
tissues can overexpress OSK (Supplementary Table S1).
A more definitive examination should involve tissue distri-
bution examination with luciferase, replacing OSK (Liao
et al., 2017; Lu et al., 2020). Future studies can investigate
this aspect to help design vectors that can more systemically
reverse tissue age.
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