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Aging is a major risk factor for pathologies including sarco-
penia, osteoporosis, and cognitive decline, which bring
suffering, disability, and elevated economic and social costs.
Therefore, new therapies are needed to achieve healthy aging.
The protein Klotho (KL) has emerged as a promising anti-ag-
ing molecule due to its pleiotropic actions modulating insu-
lin, insulin-like growth factor-1, and Wnt signaling pathways
and reducing inflammatory and oxidative stress. Here, we
explored the anti-aging potential of the secreted isoform of
this protein on the non-pathological aging progression of
wild-type mice. The delivery of an adeno-associated virus
serotype 9 (AAV9) coding for secreted KL (s-KL) efficiently
increased the concentration of s-KL in serum, resulting in
a 20% increase in lifespan. Notably, KL treatment improved
physical fitness, related to a reduction in muscle fibrosis and
an increase in muscular regenerative capacity. KL treatment
also improved bone microstructural parameters associated
with osteoporosis. Finally, s-KL-treated mice exhibited
increased cellular markers of adult neurogenesis and im-
mune response, with transcriptomic analysis revealing
induced phagocytosis and immune cell activity in the aged
hippocampus. These results show the potential of elevating
s-KL expression to simultaneously reduce the age-associated
degeneration in multiple organs, increasing both life and
health span.

INTRODUCTION

Progress in health care and quality of life in modern societies have
led to an increase in the percentage of the population reaching
advanced ages, with a projected 25% of citizens in developed coun-
tries being over the age of 65 by 2060." Aging is the main risk factor
for a wide range of pathologies that lead to the progressive decline
of organ and tissue functions. Among the most affected systems
during aging are the locomotor nervous system and the CNS, signif-

icantly impacting the health span and autonomy of aged
individuals.”

Muscle aging is primarily marked by sarcopenia, known as the pro-
gressive loss of muscular fibers and the total muscle volume. This is
one of the main causes of the increased weakness observed during ag-
ing, although metabolic, cellular, and neuromuscular alterations are
also involved.” Non-pathological aging results in an estimated 3%-
8% loss of total muscular mass per decade, starting around age 30.*
This is associated with anatomical changes in muscular cells and
reduced muscular protein production, limiting tissue regeneration.
Moreover, satellite cells, quiescent stem cells in muscles, lose func-
tionality during aging, reducing muscle regenerative capacity.’
Consequently, there is a decrease in muscular tissue and a progressive
accumulation of fatty and fibrotic tissues that reduce the functionality
of muscles.®

5,6

Osteoporosis, together with sarcopenia, is a clear contributor to the
increased frailty observed in the elderly. It is understood as a reduc-
tion in bone tissue density and mass, affecting both the cortical and
the trabecular bone. Additionally, the shape and structure of these
bone components are also altered during aging.”'® The main changes
observed during osteoporosis progression include a decrease in
trabecular bone caused by thinning and structural loss of the trabec-
ulae.”"" Moreover, there is a progressive endocortical bone resorp-
tion, which increases the luminary volume within bones from 25%
to 40% during aging.'> Furthermore, there is a loss in bone mineral
density, as a result of both the increased bone resorption, carried
out by osteoclast cells, and the reduction in bone formation due to
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altered osteoblast differentiation and function.'” Finally, the expres-
sion of collagen and non-collagenous bone proteins is also altered
during aging. These alterations impact the physical properties and
chemical composition of bones, contributing to the development of
osteoporosis.”

Aging progression in the CNS varies between individuals, with some
experiencing healthy aging and others developing neurodegenerative
diseases like Alzheimer’s or Parkinson’s diseases.'* Mature neurons
do not proliferate, and adult neurogenesis occurs only in specific re-
gions, although this process is progressively reduced during adult-
hood."” Hence, stressor factors accumulate during aging and generate
a progressive loss of neuronal cells and synaptic connections, signif-
icantly decreasing neuronal plasticity.'® Additionally, glial cells are
also altered during aging, with changes in the number, morphology
and function of microglia and astrocyte cells, hindering their func-
tion.'”'® For instance, these cells can become chronically activated,
thus promoting inflammatory and oxidative stress in neurons.'’
Moreover, microglia reduce their capacity to migrate to damaged
areas and to phagocytose malfunctioning elements.” These progres-
sive modifications can be assessed and quantified, representing help-
ful markers to study the fitness of the brain and the efficacy of neuro-
degeneration-protective factors.

In this context, the protein Klotho (KL) has been identified as a prom-
ising anti-aging molecule due to its pleiotropic actions on pathways
regulating longevity. KL gene presents two main transcripts. The
full-length mRNA generates a transmembrane protein, known as
m-KL, composed of an extracellular portion containing two homolo-
gous domains, KL1 and KL2.>"** These extracellular components can
later be shed from the membrane through an enzyme-dependent
mechanism, resulting in the complete soluble form known as p-KL,
or the individual domains p-KL1 and p-KL2. Alternatively, the
shorter transcript presents a premature stop codon and generates a
secreted isoform, known as s-KL. This isoform contains the KL1
domain with an additional C-terminal tail of 14 amino acid specific
of s-KL (SPLTKPSVGLLLPH).”> The transmembrane protein is an
obligate co-receptor for fibroblast growth factor-23 (FGF23), being
a key component for mineral metabolism regulation.”**> Soluble
and secreted KL (s-KL) isoforms present anti-aging properties by
reducing cellular inflammatory and oxidative stress, as well as modu-
lating several signaling pathways involved in senescence like Wnt, in-
sulin, and insulin-like growth factor-1 pathways.*® Previous reports
have demonstrated beneficial effects against age-associated deficits
from expressing different KL isoforms, despite their significantly
different pharmacological profiles. While s-KL has shown a safe pro-
file, the p-KL isoform interferes with mineral metabolism regulation,
thereby raising safety concerns.”” Therefore, here we analyze the po-
tential therapeutic effects against age-associated degeneration of the
safer s-KL isoform.

Age-associated deficits develop gradually over long periods of time,

frequently not associated with pathologies. Thus, we assess the effects
of long-term expression of s-KL over the evolution of non-patholog-
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ical aging hallmarks, especially those generating elevated rates of
dependence during human aging, such as muscular and bone fitness,
neuronal degeneration, and total longevity.

RESULTS

Long-term expression of s-KL increases median and total
longevity in male mice

To study the effects of s-KL over the progression of aging pheno-
type and longevity of wild-type mice, we generated adeno-associ-
ated virus serotype 9 (AAV9) gene therapy vectors expressing s-
KL or a non-transcribing/null control sequence. AAV9 vectors
were delivered through a combination of intracerebroventricular
(ICV) and intravenous (IV) (tail vein) injections, enabling efficient
transduction of both the CNS and peripheral tissues. Two time
points for treatment administration were set, establishing three
experimental groups. Two groups were treated in a young-adult
developmental stage, when animals were 6 months old (MO),
with a control (null 6 MO group) or a murine s-KL-expressing
AAV9 (s-KL 6 MO group). The third group was treated with an
s-KL-expressing vector when animals were 12 MO (s-KL 12 MO
group). Although most of the animals were allowed to age to mea-
sure total lifespan, a randomly selected subset of animals of
each group were euthanatized at 24 months of age to assess viral
vector function and study aging progression in treated animals
(Figure 1A).

Treated animals were periodically examined to assess their aging
phenotype evolution. In males, mean body weight peaked at the age
of 14 months for null, 15 months for s-KL 6 MO, and at 20 months
of age for the s-KL 12 MO group (Figure 1B). As shown in Figure 1C,
the median survival in males was of 24.6, 25.8, and 28.3 months for
the null-treated, sKL-6 MO, and sKL-12 MO groups, respectively,
representing a statistically significant increase of 15% in life expec-
tancy of s-KL 12 MO compared with null-treated animals. The total
longevity of the different groups is presented in Kaplan-Meier sur-
vival curves (Figure 1D), being 26.3, 29.8, and 31.5 months for the
null-treated, s-KL 6 MO, and s-KL 12 MO groups, respectively.
This result represents a 19.7% increase in total longevity in the
s-KL 12 MO group, which is statistically significant at p value of
0.005 using the Mantel-Cox statistical test (null 6 MO compared
with s-KL 12 MO). In contrast, follow-up of female groups revealed
a high incidence of ulcerative dermatitis and anal bleeding. These
health problems occurred at different time points of the longevity
follow-up and required animal euthanasia. Due to the uneven distri-
bution of these conditions among groups and the possibility that they
were not age associated, we could not consider longevity data
obtained for females.

In parallel, a subset of animals from the null 6 MO, s-KL 6 MO, and
s-KL 12 MO groups were euthanized when animals were 24 MO,
that is, at 18, 18, and 12 months after the treatment, respectively.
These samples were used to study AAV treatment efficacy and aging
progression in different organs. Expression of the s-KL ¢cDNA in the
liver (Figure 1E) and KL protein concentration in serum (Figure 1F)
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Figure 1. Longevity experiment follow-up and AAV treatment effectivity assessment

(A) Schematic representation of the experimental plan. AAV9, IV, and ICV. (B) Body weight follow-up. (C) Violin plots of the median survival of the different treatments tested in
males. (D) Longevity of the different male groups represented with Kaplan-Meyer longevity curves. Mean + SEM, n = 11-12. (E) Schematic representation of the experimental
plan. (F) s-KL gene expression analysis in the liver. Data presented as fold change expression compared with null-treated animals. (G) Quantification of total s-KL protein
concentration in serum. Data presented as mean + SEM, n = 4; *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.001.

were significantly increased in KL-treated groups. Of note, gene
expression and protein concentration were higher in male than in
female groups, and in the 12 MO group compared with the 6
MO-treated animals.

Mice treated with s-KL improved physical state and reduced
muscular fibrosis

A Dbattery of behavioral tests was conducted when animals were 24
MO to assess the physical state progression across the different
groups. As observed in Figure 2A, s-KL-treated females displayed
improved performance in rotarod testing, both when treated at 6
and 12 MO. Moreover, both males and females improved horizontal
bar performance, reaching statistical significance for the s-KL-treated
animals at 12 months of age (Figure 2B). Finally, an improvement in

grip strength was observed for s-KL-treated males. In this case, s-KL-
treated females also performed significantly better in the first trial of
the test, but these differences were not observed for the second and
third trials (Figure 2C).

Soleus muscle from aged animals (24 MO) was studied using hema-
toxylin and eosin staining to assess muscle fibers size and with Sirius
red staining to quantify the percentage of muscle fibrotic tissue. As
seen in Figure 2D, males treated with s-KL exhibited an average in-
crease in soleus muscle fiber size of 20% compared with null-treated
mice, although these differences did not a statistical significance. In
contrast, there was a significant and consistent reduction in the pres-
ence of fibrosis in the muscles of male mice treated with s-KL at the
age of 12 MO (Figure 2E).
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Figure 2. Physical tests and histological analysis of muscular tissue from treated naturally aged animals
(A) Results of the accelerating rotarod test, showed as the maximum speed at which the animals were able to run. (B) Results of horizontal bar test, presented as time animals
held on the bar. (C) Results of grip strength test, presented as the average force that each group exhibit in the three trials done. Data presented as mean + SEM, n = 8-11;
*p < 0.05; **p < 0.01; ***p < 0.001. (D) Hematoxylin and eosin staining of fibers of the soleus muscle of male mice. Fiber size was quantified and the average size per animal

was presented. (E) Sirius red staining of the soleus muscles. Graphs present the percentage of fibrotic area present in each sample. Scale bar, 100 pm. Data presented as
mean + SEM, n = 4; *p < 0.05; **p < 0.01.
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s-KL improved the regenerative capacity of aged muscles
Muscular regenerative capacity is highly reduced with aging. Whole
muscle transplantation from aged animals into naive young recipients
induces tissue degeneration and subsequent regeneration of the trans-
planted muscles within a young systemic environment. Thus, the
regenerative capacity of muscles from 24-MO treated animals was as-
sessed after transplantation of the extensor digitorum longus muscle
into young mice receivers. One week after engraftment, the number
and size of the fibers regenerating in the muscular graft were quanti-
fied (Figure 3A). Compared with null-treated muscles, animals that
received the s-KL treatment at 6 MO showed increased average size
of myofibers present in the graft. In addition, s-KL treatment at 12
MO also increased the percentage of bigger regenerating fibers, indi-
cating an improvement of the regenerative capacity (Figures 3B
and 3C).

We next analyzed the presence of several regeneration-related
markers in the grafts. An increase in the number of cells co-expressing
the cellular proliferation marker Ki67 and PAX7, a marker of satellite
cells (responsible for muscular regeneration), was detected (Fig-
ure 3D). Moreover, the number of cells expressing the myogenic reg-
ulatory factor MyoD, a marker of myogenic commitment of muscular
satellite cells, was also significantly increased in the grafts of s-KL-
treated animals (Figure 3D).

Bone tissue from animals treated with s-KL presented improved
trabecular variables and increased expression of bone
morphogenic proteins

Analysis of the microstructure of bones from aged animals showed
structural improvements in different variables, mainly associated
with the trabecular bone. These effects were specifically observed in
female mice treated at 6 months of age, and tendencies in males
treated with s-KL at 12 months of age. Changes included an increase
in trabecular bone volume, trabecular number and thickness, and a
reduction of the trabecular space (Figures 4A and 4B).

AAV efficiently transduced cells in bone tissue, with s-KL expression
significantly increased in all s-KL-treated groups compared with con-
trol null-treated animals. Specifically, s-KL expression in treated males
compared with null was increased by 73.3 + 32.6 SEM (n = 5) and
287.2+96.2 SEM (n = 6) in s-KL 6 MO and 12 MO, respectively, while
in females, s-KL expression was increased by 185 + 45.8 SEM (1 = 6)
and 161.2 + 56.6 SEM (n = 4) in s-KL 6 MO and 12 MO, respectively.
Interestingly, the expression of bone morphogenic genes was increased
in treated animals, especially in females (Figure 4C). The Bglap gene,
which encodes for a protein involved in calcium accumulation in bones
and represents a marker for bone formation, increased its expression in
both s-KL-treated female groups. Moreover, the collagen type 1 gene
(Collal), which is the main organic component of the bone, tended
to increase in 6 MO s-KL-treated females (p = 0.06). RNA expression
analysis of gene makers for different bone cell lineages presented high
variability. Despite that, a significant increase in the expression of the
osteoblast gene Runx2, and a decrease in Fgf23 gene expression was
observed in s-KL-treated females.

Effect of the s-KL expression on hippocampal histological
markers altered by aging

Histological analysis of the CNS of treated male and female mice
showed that s-KL treatment increased several cellular markers impor-
tant for the correct function of the CNS. Specifically, in different areas
of the hippocampus, an increase in the percentage of stained area and
the number of Ibal™ cells was observed in 12 MO s-KL-treated ani-
mals (Figure 5A). Additionally, these variables also increased for
the GFAP marker in animals treated with s-KL at both 6 MO and
12 MO (Figure 5B). To better understand this effect, young mice (3
MO) were treated with AAV expressing s-KL or a null sequence.
Two months after the treatment, no changes were observed in the
number or the percentage of stained area of GFAP or IBA1 markers
in young animals (Figures S1A and S1B).

As previously mentioned, adult neurogenesis is highly decreased
either during aging or under stressor factors, correlating with CNS
fitness. Histological analysis of aged animals treated at 12 months
of age (s-KL 12 MO) showed a greater number of maturating neurons
(DCX" cells) and a tendency to an increase in the average thickness of
the granular cells layer of the dentate gyrus, compared with null-
treated mice (Figure 5C). To further explore this effect, neurogenesis
was also assessed in treated young mice. In this case, a significant in-
crease in Ki67" cells and DCX" cells was observed in s-KL-treated an-
imals (Figure S1C).

s-KL expression regulated the transcriptomic profile of the
hippocampus

The mRNA expression profile of the hippocampus from treated mice
was analyzed to assess the transcriptional changes during non-path-
ological aging and after long-term exogenous s-KL expression. For
this, total mRNA from the hippocampus of young animals (5 MO),
old animals (24 MO) treated with null AAV9 vectors, and old animals
(24 MO) treated with s-KL AAV9 at the age of 12 months, was
sequenced. Bioinformatic analysis showed that these samples clus-
tered into three different populations based on principal components
of variance, suggesting characteristic expression profiles (Figure 6A).

Next, transcription levels of every gene were compared with obtain
the differentially expressed genes (DEGs) between the three groups
(adjusted p < 0.05). As seen in Figure 6B, 3,131 genes were differen-
tially expressed during non-pathological aging (old vs. young null an-
imals), 964 genes were altered during aging of animals treated with
s-KL (old s-KL vs. null young animals), and 184 genes differed be-
tween old animals treated with null and s-KL AAVs (old s-KL vs.
old null animals). Thus, aged animals treated with s-KL presented
fewer altered genes than null-treated animals, compared with young
mice. Notably, we confirmed KL gene expression was significantly
increased in the hippocampus of s-KL-treated mice. Normalized
counts of KL gene in RNA sequencing (RNA-seq) data showed a
10-fold and 18-fold increase in s-KL 6 MO and 12 MO mice, respec-
tively, compared with null-treated mice. Specifically, normalized raw
counts were 2,450 + 984.5 SEM (n = 5), 24,477 £ 11,211 SEM (n = 5),
and 43,909 + 16,377 SEM (n = 4), null 6 MO, s-KL 6 MO, and s-KL 12
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Figure 3. Histological analysis of muscle from s-KL-treated animals 7 days after transplantation

(A) Representative images of grafted muscular tissue stained for embryonic myosin heavy-chain by immunohistochemistry. Scale bar, 100 pm. (B) Quantification of muscular
fibers presented as average fiber size and (C) frequency of the different fiber sizes. (D) Quantification of double PAX7 and Ki67 positive cells (first row) and double MyoD and
Ki67 positive cells (second row) found in the grafts. Scale bars, 25 um. Data presented as mean + SEM, n = 8-9 (males and females); *p < 0.05; **p < 0.01; ***p < 0.001.
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MO mice, respectively. Interestingly, expression of s-KL induced spe-
cific transcriptional changes in aged animals, as revealed by an inge-
nuity pathway analysis. This analysis considers all the DEGs and
identifies alterations in specific metabolic pathways, showing the bio-
logical implication of the transcriptional changes. As can be seen in
Table S1, in control null-treated animals, aging was associated with
a decrease in oxidative phosphorylation and an increase in mitochon-
drial dysfunction, as the most downregulated and upregulated canon-
ical pathways. In contrast, animals expressing high levels of s-KL dur-
ing aging did not present alterations in those pathways. In this case,
pathways altered in aged animals treated with s-KL compared with
young mice involved the activation of immune cells and the promo-
tion of immune cell activity in the hippocampus (Table S2). Finally, a
comparison was made between the transcriptomic state of aged indi-
viduals treated with null or s-KL. Compared with aged null-treated
mice, long-term s-KL-treated animals presented increased induction
of phagocytosis and increased immune cell activation, but accompa-
nied by a decrease in pro-inflammatory signals induction (increase in
interleukin [IL]-10 and decrease in IL-12 signaling) (Figure 6C). The
molecular alterations responsible for these changes are shown in the
schematic representation in Figure 6D.

DISCUSSION

KL protein has been described as a powerful anti-aging molecule, pre-
senting promising results for developing therapies against age-associ-
ated degeneration. In this context, there is a need to better understand
the long-term effects of the expression of this protein, especially of the
s-KL isoform, which presents a safe pharmacological profile.”” Here,
we used gene therapy vectors as a proof of principle to increase s-KL
concentration, as it allows constant long-term transcript expression
requiring just a single administration. This strategy is convenient
for experiments involving senescent animals, thereby reducing their
handling and stress.”®>' We used the AAV9 serotype to efficiently
transduce key tissues affected by aging, such as bone, muscle, liver,
and the CNS.”” Since the KL protective effect was needed systemically
but also in the nervous system, and KL seems to not cross the blood-
brain barrier, we performed both IV and ICV injections.” >* In this
regard, the double injection approach could be avoided in future
studies using AAV serotypes with enhanced capacity to cross the
blood-brain barrier following IV injection, increasing translatability
to the clinic.”® Finally, our objective was to achieve a strong ubiqui-
tous expression of the transgene, so we selected the ubiquitous
CAG promoter.””

This experimental design allowed robust and long-lasting expression
of s-KL in treated mice at both young adult (6 MO) or adult (12 MO)
administration points, periods equivalent to the developmental
stages of an adult human (20-25 years) or middle-aged human
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(38-47 years), respectively.”®>? Of note, at the endpoint of the exper-
iment (24 MO), a difference was observed in s-KL protein level pro-
duction between the s-KL 6 MO and s-KL 12 MO groups. These dif-
ferences might be attributed to the progressive loss of viral genomes in
the liver of animals treated at 6 MO due to cell renewal occurring dur-
ing the 6 months between the two AAV administration points.*’
Moreover, adult female mice presented lower s-KL expression and
protein levels compared with male mice. These differences agree
with previous results that show decreased transgene expression in
the liver of females after an AAV treatment.”'

An s-KL-based treatment for aging has the potential to simulta-
neously modulate several senescence hallmarks, which represents
a multifactorial approach against aging decline. Remarkably, male
mice treated with s-KL increased both median and total longevity
in both the s-KL 6 MO and s-KL 12 MO groups. Despite the exper-
imental groups consisting of 11-12 animals, the results are suffi-
ciently robust to detect statistically significant differences in the
group treated when animals were adults (12 MO). We hypothesize
that differences in significance observed between the longevity ef-
fects in the s-KL groups treated at different time points might be
associated with the increased protein concentration observed in
the s-KL 12 MO group, rather than being determined by the
moment when the treatment was administered. In contrast, for fe-
male mice, it was not possible to draw conclusions regarding
longevity results due to the high incidence of ulcerative dermatitis
and anal prolapse/bleeding in all experimental groups.*” For this
reason, to address s-KL effects on female longevity, it would be
necessary to conduct tests in a different genetic background. Previ-
ous data had linked increased KL expression with increased
longevity, although it was observed in different transgenic KL-over-
expressing mouse models or associated with different KL gene var-
iants.*>** In contrast, this is the first time that a single treatment of
AAVs expressing s-KL significantly increases the longevity of
healthy wild-type mice.

Certainly, anti-aging treatments should not only increase longevity
but also extend health span promoting healthy aging. Therefore, to
study s-KL effects over the progression of age-associated degenera-
tion, different behavioral tests and histological parameters were as-
sessed in treated mice at the age of 24 months. This time point was
chosen as, at 24 months, aging progression has already induced an
evident physical and cognitive decline in wild-type mice.*®

We observed that the s-KL treatment promoted an improvement in
physical capacities in different tests. Compared with null animals,
s-KL-treated mice presented increased resistance in the horizontal
bar, especially when treated at 12 MO, which is associated

Figure 4. MicroCT structural and gene expression analysis in treated bones of 24-MO mice

(A) Micro-computed tomography (MicroCT) analysis of different structural variables. Cortical bone: BV, bone volume), B.Pm, bone perimeter; CsTh, cross-sectional
thickness; MD, mineral density. Trabecular bone: BV/TV ratio, bone volume/tissue volume; Tb.N, trabecular number; Tb.Th, trabecular thickness; Th.Sp, trabecular space.
(B) Bone reconstruction of the regions of interest analyzed. (C) Effect of the s-KL treatment on the expression of genes representative of the different bone cell types, and bone
morphogenic and bone matrix proteins. Data presented as fold change expression compared with null-treated animals. Mean + SEM, n = 4-7; *p < 0.05; **p < 0.01.
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Figure 5. Histological analysis of Iba1, GFAP, and
neurogenesis markers in CNS from aged animals

(A) Immunofluorescence analysis of brain slices for Iba1 (A) and
GFAP (B) markers in the CA1, CA3 and dentate gyrus (DG) of the
hippocampus. Scale bar, 100 pm. Value measured as average
number of cells per slide (first graph) and percentage of posi-
tively stained area per image (second graph). (C) Quantification
of markers representative of different differentiation stages of
neurons. Cell proliferation marker (neuronal stem cells) (Ki67 in
red), immature neurons (DCX in green), and mature neurons
(NeuN) in green. Value measured as average number of cells per
slide, or as thickness. Scale bar for images, 100 um (first and
third row) and 50 um (second and fourth row). Each brain area
was analyzed at least at three different anteroposterior positions,
and in duplicate. Mean + SEM, n = 7-8 (males and females).
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with increased muscular resistance and coordination. Furthermore,
gender-specific improvements were also detected: females showed
improved coordination in the rotarod test, while males exhibited
increased strength in the grip strength test. These tests measure motor
coordination and balance, and maximum grip muscle strength,
respectively, parameters that are altered during the progression of ag-
ing.*” Differences observed between genders could be related to pecu-
liarities in body weight and muscular physiology between males and
females, as well as sex-specific characteristics in muscle degeneration
progression.*°

Histological analysis of the muscle tissue of s-KL-treated mice re-
vealed a tendency to an increased size of muscular fibers in aged tissue
compared with null-treated mice. Previous reports have shown that
strong muscular degeneration in mice becomes prominent after the
age of 24 months®”~*’; therefore, in our samples from 24-MO animals
the degeneration might be yet incipient to be able to observe an effect
of s-KL over this variable. In addition, increasing the sample size for
this analysis (n = 3-4) may provide a clearer view of the effects of s-KL
on muscle fiber preservation during aging. In contrast, a significant
reduction in the percentage of fibrotic tissue was observed in samples
of 24 MO males treated at 12 months of age. This could explain why
this group performed better than null 6 MO and s-KL 6 MO in tests
implying resistance, like the horizontal bar test, both in males and fe-
males. These results are comparable with those from Clemens et al,*
who reported reduced muscular fibrosis in old muscles treated with
full-length KL. During aging, muscular fibrosis is induced by the pres-
ence of senescent cells, which inhibit proper muscular regeneration by
secreting pro-inflammatory and pro-fibrotic molecules.” Interest-
ingly, KL has been shown to inhibit pro-fibrotic molecules like trans-
forming growth factor-f1 and Wnt, which could explain this benefi-
cial effect.”*

Muscular regenerative capacities are also hindered in aged muscle
tissue; thus, we transplanted muscle tissue of aged null and s-KL
treated animals (24 MO) into young healthy recipients. This process
simulates a strong muscular injury allowing the study of muscular
regenerative capacities of treated mice. Interestingly, grafted tissue
from animals treated with s-KL vectors was composed of muscle fi-
bers presenting a larger average size, being similar to the muscular
composition of young animals.*” Moreover, an increase in the num-
ber of satellite cells and induction of new muscular cells generation
was observed in the grafts, demonstrated by an increased number of
PAX7%/Ki67" and MyoD"/Ki67" cells, respectively. These results
agree with previous reports showing a clear link between KL and
muscle regeneration, which is attributed to the preservation of mito-
chondrial microstructure in muscle stem cells.””> Moreover, KL is
also involved in the regulation of aberrant Wnt signaling in aged
muscle stem cells, promoting its functionality.”>** Further research

is required to elucidate the mechanism of action of s-KL to promote
muscle regeneration after muscle transplantation.

Bone tissue is also highly affected during aging, associated with alter-
ations in bone microarchitecture and a decrease in bone mineral den-
sity. Here, AAV9 administration efficiently increased basal levels of s-
KL expression in the bone, which similar to previous reports did not
generate toxic effects on this tissue.”” At the endpoint of the experi-
ment, females treated with s-KL at 6 months and males treated at
12 months of age, presented greater trabecular bone volume, trabec-
ular number and thickness, and reduced trabecular space, reaching
statistical significance in females. Females begin trabecular degenera-
tion earlier than males. Therefore, the systemic increase in s-KL levels
in females treated at 6 MO presents therapeutic benefits, which are
not seen when trabecular degeneration is already advanced (treat-
ment at 12 MO). In contrast, the higher s-KL concentration observed
in males treated at 12 MO, a period when trabecular degeneration is
pronounced in males, seems to be more effective in preserving trabec-
ular bone.”

Gene expression analysis of bones from aged C57BL/6] treated with
KL revealed an increase in the expression of genes like Collal and
Bglap, reaching statistical significance in females. These transcripts
encode the main structural protein component and a protein involved
in regulating Ca** ion concentration in bones, respectively, suggesting
increased bone formation and/or maintenance.’® This could repre-
sent a possible mechanism to explain trabecular bone improvements
seen in this model after the treatment with the s-KL isoform. Several
studies have reported a positive effect of KL in maintaining bone
microstructure and protecting its composition under normal and dis-
ease conditions.”” >’ Moreover, KL regulates the expression of non-
collagenous bone proteins, like osteocalcin (BGLAP) and DMP-1,
which are altered in the KL-knockout (KL-KO) model and provoke

60
°" Interest-

deficient bone calcification and osteoblast differentiation.
ingly, in vitro cultured osteoblasts treated with soluble KL increased
several bone morphogenic proteins, including BGLAP, due to a KL-
dependent activation of epidermal growth factor-1 signaling.”' Addi-
tionally, a significant increase in Runx2 gene expression was detected
in s-KL-treated female mice. Runx2 is a transcription factor associ-
ated with osteoblast differentiation, whose expression is reduced dur-
ing aging.”>** This effect, together with the enhanced expression of
bone morphogenic proteins, could indicate increased bone formation
in s-KL-treated females. Finally, a reduction of Fgf23 gene expression
in s-KL-treated females was observed. Previous reports showed an
age-associated increase in Fgf23 expression, which was related to an
impairment in bone mineralization, specifically in females.** This
trend could be inhibited in s-KL-treated mice, promoting bone pres-
ervation. Therefore, mice treated with s-KL improved microstructure
parameters altered during osteoporosis progression, especially

Figure 6. Transcriptomic analysis of hippocampal RNA-seq data

(A) Principal component analysis (PCA) showing overall gene expression patterns in null young (5 MO), null old (24 MO), and s-KL old (24 MO) male mice; n = 4-5. (B) Venn
diagram showing the number of shared DEGs between the different male mice groups. (C) Bar chart presenting the pathway enrichment analysis of DEGs. (D) Schematic
representation of the altered pathways’ activation and the main molecules driving these changes.
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females treated at 6 MO. This could be explained by an increase in the
expression of bone morphogenic proteins and promoting osteoblast
maturation. Further research is needed to elucidate the underlying
mechanisms by which s-KL is improving the aging phenotype of
bone tissue in treated mice.

KL was also effective in promoting cognition and protecting
against dementia, modulating several pathways altered during ag-
ing, for instance modulating adult neurogenesis and regulating
inflammation in the CNS.°>°° Transgenic mice constitutively
over-expressing KL exhibit increased markers for adult neurogen-
esis and increased dendritic arborization, while young KL-KO mice
experience early stem cell reservoir depletion.””®” In the animals
treated with s-KL at 12 MO, we detected a significant increase in
the number of maturing neurons (DCX" cells), which are highly
reduced during senescence, and a tendency to an increased thick-
ness of the DG granular layer. This effect was also observed in
healthy young mice treated with s-KL, where we observed an in-
crease in both the number of neuronal stem cells (Ki67" cells),
and in the number of DCX" cells. This result shows the s-KL effect
in promoting and maintaining adult neurogenesis in wild-type an-
imals. This cognition-enhancing property could be mediated by
KL-dependent inhibition of the Wnt pathway, previously linked
to stem cell niche maintenance, and/or be an indirect consequence
of a reduction in age-associated stressor factors like oxidative or in-
flammatory stress after KL treatment, allowing for proper neuronal
maturation.®®

During aging there is a progressive accumulation of senescent cells
and cellular debris, which can induce chronic pro-inflammatory
responses driven by microglia and astrocytes, generating neuronal
damage. Additionally, a loss in microglia and astrocytes number
and arborization has been reported, causing a decrease in the func-
tions performed by these cells.'”**”" Here, long-term s-KL-treated
mice presented an increased number of GFAP™ cells at both
administration points compared with aged null-treated mice. Inter-
estingly, the number of GFAP™" cells reached values comparable
with those observed in young null-treated animals, suggesting
that the s-KL treatment may help to maintain astrocyte levels
like those in healthy animals. Similarly, a decrease in GFAP™ cells
was detected in the hippocampus of the accelerated-aging SAMP8
model, correlating with a decline in the neurogenic niche.”" This
loss in GFAP™ cells in the dentate gyrus was reverted in s-KL-
treated SAMPS8 mice.””

Chronic activation of microglial cells, a state known as reactive micro-
gliosis, compromises phagocytosis and increases the secretion of pro-
inflammatory cytokines.'>*° Previous studies have shown that KL re-
duces inflammatory stress in the aging CNS,”> while KL depletion
contributes to increased inflammation in mice,”* suggesting KL ther-
apeutical potential to reduce inflammaging and protect neurons.”” "’
In this study, animals treated with s-KL at the 12 MO time point,
where the most beneficial effects were observed, presented an
increased number of Ibal® cells compared with null-treated animals.
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In contrast, young healthy animals treated with s-KL did not exhibit
an increase in the number of Ibal™ nor GFAP™ cells, suggesting this
effect is just observed in aged brains.

To better understand these changes, we performed an RNA-seq anal-
ysis of the hippocampus from young and aged mice treated with s-KL
or null vectors. Comparing the transcription profile of young and
aged animals treated with null vectors, which would represent non-
pathological aging progression, we observed decreased activation of
canonical pathways involved in oxidative phosphorylation and
increased mitochondrial dysfunction, typical aging hallmarks.”® In
contrast, compared with young null mice, aged animals treated
with s-KL presented increased signaling and activation of immune
cells, but not other aging hallmarks, indicating that s-KL expression
modulates the transcriptional landscape of the hippocampus during
aging. On the other hand, comparing the transcriptome of 24-MO
male mice treated with null, or s-KL at the 12 MO time point, which
presented the higher aging phenotypical improvement, the top en-
riched pathways were involved in (1) phagocytosis promotion, (2)
immune cell activation and mobilization, and (3) decreased pro-in-
flammatory responses. Therefore, the increase in Ibal™ cells observed
after s-KL treatment in 12 MO animals seems to be accompanied by
an induction of phagocytic responses and a decrease in pro-inflam-
matory signaling in the hippocampus, previously described as well-
functioning microglial functions.”” Thus, the enhanced cognitive ca-
pacity observed in previous experiments after s-KL expression in aged
CNS could be due, at least in part, to the promotion of clearance of
malfunctioning proteins and senescent cells, benefiting adult neuro-
genesis.”>** More research is needed to fully understand the s-KL
mechanism underlying the increase in Ibal” cell number and phago-
cytosis activity.

In summary, here we show the therapeutic effects of exogenous life-
long overexpression of s-KL in wild-type mice. Of note, s-KL induced
multiple beneficial effects which synergically led to an increase in total
longevity, improving physical state, muscle tissue integrity and regen-
erative capacity. Moreover, it also improved trabecular bone param-
eters affected during aging. Finally, s-KL partially recapitulated the
increased neurogenesis levels observed in the KL-OE mice model,
promoted maintenance in astrocyte cell numbers, and increased the
phagocytic capacity of microglia.

METHODS

Animal housing

Six-week-old male and female C57BL/6] mice were purchased from
Charles River Labs. A cohort of 96 animals was divided into three
groups. Two groups were treated when they were in a young-adult
developmental stage (6 MO) with a AAV9-null (no transcribing
vector) or AAV9-s-KL. The third group was treated with an
AAV9-s-KL when animals were adults (12 MO). Animals had
free access to food and water and were kept under standard
temperature conditions (22 + 2°C) and a 12-h light/dark cycle
(300 lux/0 lux).
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All experimental procedures involving animals were performed
following standard ethical guidelines of the European Communities
Council Directive 86/609/EEC and by the Institutional Animal Care
and Use Committee of the Universitat Autonoma de Barcelona
(MO0348-DO5, procedure code P1- 4882).

AAV vector production and administration

AAV9 were generated in HEK293 cells by the triple transfection
method at the Unitat de Produccié de Vectors at Universitat Auton-
oma de Barcelona following a protocol described previously.”' Briefly,
viral vectors were precipitated using a hypersaline solution and
treated with Benzonase (Novagen), followed by purification with an
iodixanol density gradient (Axis-Shield PoC AS) separated by ultra-
centrifugation. Vector concentration was quantified using the Pico-
green method (Invitrogen).

AAV9s were administered by simultaneous ICV and IV injection.
Animals were deeply anesthetized by intraperitoneal injection of
10 mg/kg of ketamine (Imalgene 500, Rhone-Merieux) and 1 mg/kg
of xylazine (Rompun, Bayer) diluted in NaCl 0.9%. Stereotaxic injec-
tions were performed at coordinates, —0.2 mm anteroposterior,
—2 mm dorsoventral, and +1 mm mediolateral from bregma. The
vector dose was 1 x 10'' viral genomes per animal in 6 pL, adminis-
tered at a 0.5 pL/min using an ultramicropump (WorldPrecision
Instruments). The IV injection consisted in a dose of 4 x 10'" viral
genomes per animal diluted with NaCl 0.9% to a final volume of
200 pL and injected manually with a syringe into the lateral tail
vein of the mice.

Longevity follow-up

Mice were periodically monitored to assess their general health status
and body weight. During the first year, the animals were reviewed
every 3 months. In the second year, the animals were examined
monthly, and after reaching 2 years of age, they were checked weekly.
The follow-up of the animals was conducted until natural death or
euthanasia, as determined by a blinded veterinarian, occurred.

Behavioral tests

Behavioral tests were done on all animals at the age of 24 MO to assess
physical status. These tests included the horizontal wooden bar,
rotarod, and grip strength.

Horizontal wooden bar

A circular wooden bar with a diameter of 1 cm , was horizontally
placed 40 cm above a soft floor made of expanded polystyrene.
Mice were carefully suspended on the bar by their upper limbs, a
maximum test length of 40 s. Time spent on the bar (resistance)
and distance walked along the bar (coordination), were recorded.
Two trials per animal were done, and the best performance was
selected.

Rotarod
Animals were trained in the rotarod apparatus for 3 consecutive
days. Training consisted in two accelerated rotarod test trials

per day to reduce stress and improve coordination, facilitating
the differences observation due exclusively to physical state limi-
tations. Experimental conditions consisted in a 5 min long test
with progressive acceleration from 4 to 40 rpm. The day of the
test, animals were carefully placed in a previously cleaned rotarod
apparatus, and the time to fall was quantified. The test was done
twice, and the represented results are the average of both trials per
animal.

Grip strength

Grip strength was measured as tension force using a computerized
force transducer, Grip Strength Meter (Bioseb). Animals were let to
grip from the front legs to the grip strength platform and were pulled
backwards from the tail slowly so the animal could present resistance,
until reaching the end of the platform. This procedure was repeated
three times and data are presented as each group’s average strength
by trial allowing the observation of the exhaustion effect in the
animals.

Sample harvest

Animals were euthanized by cervical dislocation 3 days after the
last behavioral test. Perfusions were done with deeply anesthetized
animals with 1 mL of ketamine (100 mg/mL) (Imalgene) and
0.5 mL of xylazine (Rompun) in 1x PBS up to 10 mL, and the pro-
cedure was started when animals presented no pedal reflex. The
hippocampus and cortex were then isolated and frozen in
powdered dry ice. Liver, muscle, and bone samples were also taken,
and they were maintained at —80°C until used for molecular anal-
ysis or fixed in a 4% PFA in 1x PBS if they were used for morpho-
logical analysis.

ELISA

KL serum levels were measured using an ELISA kit specific for mouse
KL (IBL) following manufacturers’ indications. For this assay, a dilu-
tion of 1:20 of the serum was used and absorbance at 450 nm was read
with a plate reader Varioskan LUX VLBLOODO (Thermo Fisher
Scientific) at the Laboratori de Biologia Molecular of the Institut de
Neurociencies at the UAB.

RNA extraction and gene expression analysis

Total RNA isolation was carried out using TRIsure reagent following
the manufacturer’s instructions (Bioline Reagent). The liver or tibia
samples were homogenized using TissueLyser LT sample disruption
apparatus (QIAGEN). RNA quantity and purity were measured
with NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific).
RNA retrotranscription was done using iScript Advanced cDNA Syn-
thesis Kit (Bio-Rad). Gene expression was analyzed by real-time
gqPCR on a Bio-Rad CFX-384 PCR machine at the Analysis and
Photodocumentation Service of the Universitat Autonoma de Barce-
lona. In case of TagMan probes, each reaction contained 5 pL of
Sensifast probe No-Rox master mix (Meridian Bioscience), 0.5 pL
TaqMan mix (ThermoFisher scientific) and H,O to a final volume
of 10 pL were used. TagMan probes used are listed in Table S3.
Custom TagMan probes (CondaLab) used were: m36b4 (Rplp0)
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(forward: 5-ATGGGTACAAGCGCGTCCTG-3'; reverse: 5-AGC
CGCAAATGCAGATGGATC-3'; probe: 5 - TGTGGAGACTGAGT
ACACCTTCCCA-3') and s-KL (forward: 5-TCATAATGGAAA
CCTTAAAAGCAA-3'; reverse: 5-CACTGGGTTTTGTCAAAG
GA-3; probe: 5'-AGAAGAGTCCTCGCCGGATGCTGTA-3').

The analysis of qPCR data was done following the AACt method. Cy-
cle thresholds (Cqs) were normalized subtracting to each experi-
mental Cq, the difference of its housekeeping (HK) Cq compared
with the HK’s average value. HK genes used were m36b4 (vector
expression) and Tbp (bone gene expression). Melting curves were
also analyzed to ensure unique amplificon generation.

Histology

Animals were intracardially perfused with a cold PBS solution. Sam-
ples were then dissected and submerged in PFA 4% for 24 h. Samples
were washed using PBS and then incubated in 30% sucrose at 4°C for
cryoprotection.

Muscle slices of 10 um were stained for hematoxylin and eosin or
Sirius red (Sigma-Aldrich) following commercial protocols. Muscle
fiber size and percentage of area positive for Sirius red staining
were quantified using Image] software. Digital images were acquired
using the Leica DMR600B microscope equipped with a DFC300FX
camera.

For free-floating immunohistochemistry, samples were frozen by
1.5 min submersion in Isopentane (Sigma) at —40°C to —60°C. Cor-
onal sections of 30 pm were cut using a cryostat and stored sub-
merged in cryoprotectant solution at —20°C. For staining, sections
were washed with incubations in 1x PBS and permeabilized in
0.2% PBS-Triton buffer, followed by a 1-h blocking with 10% BSA
in 1x PBS with 0.2% Triton. Incubation of the primary antibody
was performed at 4°C for 48 h, and with secondary antibody was per-
formed at 4°C overnight. Finally, a 5-min incubation with Hoechst
was done and samples were mounted with fFluoromount. The anti-
bodies used for the analysis can be found in Table S4.

Images were obtained with a Zeiss LSM880 high-speed spectral
confocal microscope. Images were analyzed with Image] software
and Imaris Microscopy Image Analysis Software.

Muscle grafting

Heterografting experiments were performed by removing the
extensor digitorum longus muscle from 24 MO treated mice from
its anatomical bed and transplanting it onto the surface of the tibialis
anterior muscle of a young (3 MO) WT recipient mouse. Muscle
grafts were collected for analysis on day 7 after transplantation to
assess the regenerative state of the tissue.

Bone structural study

Right legs of treated animals were analyzed as previously described.””
Briefly, tibias from treated animals euthanized at the age of 24 + 3 MO
were dissected and scanned using a SkyScan 1272 (Bruker) comput-
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erized microtomography imaging system at the Center de Recerca en
Ciéncia i Enginyeria Multiescala de Barcelona at Universitat Politécn-
ica de Catalunya. Images were reconstructed with the NRecon v1.6
(Bruker) program and analyzed with the CT-Analyser v1.13 image
program (Bruker). Mineral density was calculated with the CT-
Analyzer v1.13 program calibrating bone absorbance with two
2mm diameter hydroxyapatite phantoms (Bruker-MicroCT) of
known density of 0.25 and 0.75 g/cm”.

RNA-seq

Total hippocampus RNA was extracted using the RNeasy Plus RNA
extraction kit (QIAGEN), which allowed specific isolation of total
RNA molecules, excluding genomic DNA. RNA quantity and quality
was assessed by Bioanalyzer (Agilent) in the Center for Genomic
Regulation facilities of the Barcelona Biomedical Research Park. Li-
braries were prepared using the TruSeq stranded mRNA Library
Prep (Illumina) according to the manufacturers’ protocol, to convert
total RNA into a library of template molecules of known strand origin
and suitable for subsequent cluster generation and DNA sequencing.
Then, RNA fragments were copied into cDNA using reverse tran-
scriptase SuperScript II (Invitrogen) and random primers. Subse-
quent ligation of the multiple indexing adapter to the ends of the dou-
ble stranded cDNA was done. Finally, PCR selectively enriched those
DNA fragments that had adapter molecules on both ends. The PCR
was performed with a PCR Primer Cocktail that anneals to the
ends of the adapters. Final libraries were analyzed using Bioanalyzer
DNA 1000 or Fragment Analyzer Standard Sensitivity (Agilent) to es-
timate the quantity and validate the size distribution and were then
quantified by qPCR using the KAPA Library Quantification Kit
KK4835 (Roche) before the amplification with Illumina’s cBot. Li-
braries were sequenced twice 50 + 8 + 8 bp on Illumina’s
NextSeq2000 sequencer.

Bioinformatic analysis consisted of several steps. First, RNA-seq reads
were trimmed, to eliminate the possible adapter sequences present in
the reads and aligned to the Mus musculus reference genome. With
this, raw counts were obtained, which were next normalized, grouped
and compared with other samples using the DEseq2 script coded in R.
This gave us the DEGs, with a statistical significance analysis. DEGs
which presented a P-adjusted value lower than 0.05 were introduced
into the Ingenuity Pathway Analysis program (QIAGEN), which in-
terpreted the data and listed the different altered pathways after the
treatment and pointed out their possible biological implications. Ca-
nonical pathways showed by statistical significance, fold change, and
biological significance.

Statistical analysis

Statistical analysis and graphic representation were done with
GraphPad Prism ver.8 (GraphPad Software). Statistical differences
between groups were analyzed with a two-tailed unpaired Student’s
t test when comparing two groups, and one-way ANOVA, followed
by Tukey as a post hoc analysis when it was necessary. Data are ex-
pressed as mean + SEM. Statistical difference was accepted when p
values were less than or equal to 0.05 and outliers were detected by
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Grubb’s test and removed from the analysis. The graphical abstract
and Figure 1 were created with BioRender.com.
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