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Abstract

Heterochronic blood exchange (HBE) has demonstrated that circulating factors restore youthful
features to aged tissues. However, the systemic mediators of those rejuvenating effects remain
poorly defined. We show here that the beneficial effect of young blood on aged muscle
regeneration was diminished when serum was depleted of extracellular vesicles (EVs). Whereas
EVs from young animals rejuvenate aged cell bioenergetics and skeletal muscle regeneration,
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aging shifts EV subpopulation heterogeneity and compromises downstream benefits on recipient
cells. Machine learning classifiers revealed that aging shifts the nucleic acid, but not protein,
fingerprint of circulating EVs. Alterations in sub-population heterogeneity were accompanied

by declines in transcript levels of the pro-longevity protein, a-Klotho, and injection of EVs
improved muscle regeneration in a Klotho mRNA-dependent manner. These studies demonstrate
that EVs play a key role in the rejuvenating effects of HBE and that Klotho transcripts within EVs
phenocopy the effects of young serum on aged skeletal muscle.

Editor summary:

Circulating factors play an important role in tissue aging. Here, the authors show that serum
extracellular vesicle (EV) sub-populations and cargoes remodel with age, and that EVs from
young mouse serum rejuvenate aged skeletal muscle.

INTRODUCTION

Circulating factors play crucial roles in regulating tissue homeostasis and organismal aging.
One approach to identify the effects these circulating factors have on target tissues involves
the surgical joining of a young and an old mouse, or heterochronic parabiosis. Heterochronic
parabiosis couples the circulatory systems of the two animals such that the aged parabiont

is exposed to circulatory factors from the young parabiont, and vice versa.l This model has
provided valuable insight into the influence of age-associated humoral factors on function of
stem cells and tissues, including skeletal muscle.2-6

Whereas studies investigating mechanisms underlying the beneficial effect of heterochronic
parabiosis on aged tissue function have primarily focused on free circulating proteins,

a growing number of findings have demonstrated that a large portion of the circulating
secretome is packaged within membranous nanoparticles, or extracellular vesicles (EVSs).
EVs traffic between anatomically remote sites and serve as couriers of proteins and

genetic material.”:8 EVs have been identified in most bodily fluids including plasma,
serum, urine, saliva, and cerebrospinal fluid,8-14 and emerging evidence suggests that
MRNA cargoes within EVs can target and reprogram cells in a range of tissues to

regulate physiological functions or pathophysiological processes.1® Given their potent role in
intercellular communication, it is not surprising that age-related alterations in EV structure
and content have been increasingly associated with pathologies of aging.16-1° However,
whether circulating EVs mediate the “rejuvenating” effects of heterochronic parabiosis on
skeletal muscle regeneration has not been investigated.

Here, we evaluate the contribution of circulating EVs on the beneficial effect of young
serum on aged muscle stem cells and the skeletal muscle regenerative cascade. We show
that young serum restores a youthful bioenergetic and myogenic profile to aged muscle cell
progeny, and that this effect is dependent on the presence of circulating EVs. Moreover,
whereas youthful EV cargoes preserve mitochondrial ultrastructure and respiration in target
muscle cells, aged EV cargoes propagate mitochondrial dysfunction. /n vivo, we confirmed
previous reports demonstrating that young serum enhanced muscle regeneration, and we
show that this benefit is diminished when the serum is depleted of EVs. These findings were
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further supported by transcriptomic analysis, which revealed that the majority (61.5%) of
differentially expressed genes altered in response to young serum are attributed to EVs. To
better understand the effect of time on EV structure and cargoes, we employed machine
learning classifiers to characterize changes in EV heterogeneity over time. The data revealed
a shift in EV subpopulation dynamics that was concurrent with diminished nucleic acid
content. Upon further interrogation, we found that EVs display an age-associated decrease in
transcript levels of a-Klotho (Klotho), a longevity protein that has been positively associated
with the maintenance of mitochondrial bioenergetics as well as skeletal muscle health.20-22
Notably, we found that the impact of young EVs on muscle progenitor cell bioenergetics
and myogenicity, as well as skeletal muscle regeneration, was dependent on the presence

of Klotho mRNA. Together, these findings suggest that Klotho transcripts within circulating
EVs contribute to the non-cell autonomous, systemic regulation of aged skeletal muscle
regeneration.

EVs modulate cell bioenergetics in an age-dependent manner

Circulating factors are critical determinants of skeletal muscle regeneration, and previous
studies have shown that exposure of aged muscle stem cells (MuSCs) to young serum /in
vitro increases myogenic potential.23 Consistent with these previous reports,23 we found
that expression of MyoD, a master regulator of myogenesis,?3 and desmin, a muscle-specific
intermediate filament, were increased in aged MuSC progeny (MPCs) cultured in the
presence of young serum (Fig. 1a—c). Pax7, on the other hand, was significantly decreased

in the presence of young serum (Extended DataFig. 1). Downregulation of Pax7 is necessary
for myogenic lineage progression.24

Given that aberrant myogenic lineage specification of MuSCs has been shown to result from
impaired mitochondrial function,21:25:26 we also evaluated the impact of young versus aged
serum on mitochondrial respiration. Aged MPCs cultured in the presence of young serum
displayed a significantly increased basal oxygen consumption rate when compared to cells
exposed to aged serum (Fig. 1d). Young serum also improved mitochondrial ultrastructure
of aged progenitor cells, as demonstrated by a 1.5-fold increase in the reduced form of the
mitochondrial inner membrane phospholipid, cardiolipin (Fig. e, f). Cardiolipin plays a key
role in the maintenance of mitochondrial membrane integrity, as well as the modulation

of oxidative phosphorylation.2” These findings support the hypothesis that serum-derived
components preserve target cell mitochondrial ultrastructure and bioenergetics in an age-
dependent manner.

One mechanism through which serum-derived factors may affect mitochondrial quality
control and activation of the metabolic machinery within recipient cells is via the transport
of membrane-enclosed paracrine factors, EVs.1° To determine whether EVs contribute

to the observed effects of young serum on muscle progenitor cell myogenic profile

and mitochondrial function, we depleted young and aged serum of EVs, and again
performed immunofluorescence imaging of Pax7, MyoD, and desmin, together with live
cell assessment of respiration (Fig. 1g—j, Supplemental Fig. 1a). NanoSight particle tracking
analysis confirmed that treated serum was depleted of >95% of EVs (Supplemental Fig.
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1a). Data revealed that the effect of young serum on cell proliferation, myogenicity, and
bioenergetics was lost in the absence of circulating EVs (Fig. 1i, j, Supplemental Fig. 1b, c).
Consistent with bioenergetic findings, MPCs treated with young serum displayed a gradual
and progressive increase in the mitochondrial marker, succinate dehydrogenase sub-unit

A (SDHA), over time, though the effect was blunted when cells were treated with aged
serum or EV-depleted young serum (Supplemental Fig. 2a). SDHA is a major subunit of
the succinate-ubiquinone oxidoreductase complex of the mitochondrial respiratory chain.28
Our findings were not unique to myogenic progenitors, and we also found that depletion of
EVs abrogated the beneficial effect of young serum on the bioenergetics of fibro-adipogenic
progenitors (FAPs) (Supplemental Fig. 2b).

To confirm that the effect of EV depletion was not a result of toxicity resulting from the
depletion protocol or coincident elution of serum proteins, another cohort of MPCs were co-
cultured with young serum, young serum depleted of EVs, or depleted serum supplemented
with column-isolated EVs (Supplemental Fig. 3). For this repletion study, we added an
equivalent number of column-isolated EVs as we calculated to be removed during the
depletion protocol (see Methods for calculations). EVs were isolated using size-exclusion
chromatography, as per previous reports,2? and purity of the EV population was confirmed
by the presence of CD63 and CD8130, as well as an absence of cytosolic contaminant,
GM130 (Supplemental Fig. 4).31 Repletion of the depleted serum with isolated EVs restored
the beneficial effect of young serum on MyoD expression of target cells, suggesting that

the depletion protocol does not induce cellular toxicity (Supplemental Fig. 3). Another
group of cells were incubated with all components eluted during the Exo-Quick depletion
protocol (i.e., EVs and other potentially undefined proteins). There was no difference in the
myogenicity of cells treated with Exo-Quick precipitate versus isolated EVs (Supplemental
Fig. 5), further supporting the hypothesis that the blunted myogenicity of cells treated with
depleted serum is predominantly attributed to a loss of circulating EVs.

We next evaluated whether circulating EV's may contribute to the previously reported
beneficial effects of young serum on skeletal muscle regeneration Jn vivo.2:3 For this, aged
mice received serial tail vein injections of young serum or young serum that was depleted
of EVs, according to a previous protocol that evaluated the ability of young blood to reverse
age-related cognitive declines (Fig. 2a)32. Three days post injury, we observed an EV-
dependent increase in MyoD when animals received young serum injections (Supplemental
Fig. 6a). By 11 days post injury, heterochronic blood exchange significantly enhanced
skeletal muscle regeneration and functional recovery, as determined by myofiber cross-
sectional area and /n situ contractile testing, respectively (Fig. 2b—d). These findings are
consistent with previous reports demonstrating an increased myofiber cross-sectional area
and regeneration index when aged mice were parabiosed with young mouse counterparts.?:3
However, the beneficial effect of young serum on muscle regenerative potential was lost

in the absence of circulating EVs (Fig. 2b-d). We also probed mitochondrial responses to
young circulating EVs by immunofluorescent staining of SDHA. We observed enhanced
SDHA within regenerating myofibers (i.e., centrally nucleated myofibers) of mice receiving
young serum treatment (Fig. 2e, f). However, the increased expression of SDHA was
abrogated in the absence of EVs (Fig. 2e, f).

Nat Aging. Author manuscript; available in PMC 2022 June 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sahu et al.

Page 5

The above /n vivo findings indicate that circulating EVs may be recruited to an injury site
and participate in skeletal muscle regeneration. We therefore designed a subsequent set of
experiments in injured aged animals to test this possibility. Young serum was depleted of
EVs, as described above, after which time we repleted the serum with fluorescently labeled
column-isolated EVs (at a concentration equal to the concentration that was removed during
the depletion protocol). Three days after unilateral tibialis anterior (TA) injury, animals
received a tail vein injection of serum with labeled EVs or saline injection alone. After
another two days (i.e., five days post injury), bilateral TAs were imaged using a LiCor
Odyssey Clx system. Both TAs in animals receiving serum injections displayed significantly
higher levels of EVs when compared to saline controls, and the presence of labeled EVs
was significantly higher in the injured TAs when compared to uninjured contralateral TAs
(Fig. 2g, h). Moreover, the majority of donor EVs were co-localized with MyoD at the site
of injury (Fig. 2i). These findings confirm accumulation of circulating EVs to the site of
skeletal muscle injury and suggest preferential uptake by myogenic progenitors.

Aging shifts subpopulation heterogeneity of circulating EVs

The ability of young EVs to enhance skeletal muscle regeneration in aged mice implies that
endogenously circulating EVs in aged animals do not effectively support the regenerative
cascade. Therefore, we quantified age-related changes in EVs and their direct effect on
target cell responses. Consistent with serum co-culture experiments described above, aged
MPCs cultured in the presence of young, but not old, EVs displayed increased MyoD
expression and mitochondrial cardiolipin content (Fig. 3a, b; Supplemental Fig. 6b—d).
These findings suggest that EVs and/or EV cargoes are internalized by recipient progenitor
cells to modulate cellular responses, but that functional communication is disrupted with

aging.

The transfer of information between EVs and their target cells is mediated by a wide

range of EV surface markers and cargoes, including cytosolic proteins, membrane proteins,
mRNAs, noncoding RNAs, and even DNA.” To further probe age-associated changes

in circulating EV structure and population heterogeneity, we profiled the population
characteristics of young versus aged EVs. Nanoparticle tracking analysis using a NanoSight
apparatus confirmed that the size of isolated EVs was between 30-200 nm in diameter (Fig.
3c), which falls within the size-range of small- to mid-sized EVs.33 Aged serum yielded

a significantly higher concentration of EVs when compared to young serum (Fig. 3c),
consistent with a previous report.1?

Whereas NanoSight provides bulk characterization of the size and concentration of all
nanoparticles in the population, it does not allow for quantification and characterization

of sub-populations. Therefore, we used multispectral imaging flow cytometry (IFC) as a
means to classify circulating EVs according to differential expression of CD63 and CD81.33
Custom computer vision algorithms were initially applied in order to eliminate debris and
non-circular particles from the dataset (Fig. 3d). Machine learning was then employed in
order to determine the accuracy with which surface marker heterogeneity and/or structural
characteristics could be used to classify EVs according to age. A gradient-boosted decision
tree classifier, which was chosen because of its ability to rank features according to their
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information gain, resulted in a predictive accuracy of ~75% with a variance of < 0.0005.

We found that CD63-associated features rose to the top as the most discriminative of age
(Fig.3e). Indeed, aging creates a notable shift in subpopulation heterogeneity, and image
analysis revealed a significant increase in CD63 intensity over time (p<0.0001; Fig. 3f).
These findings were consistent with a previous report that evaluated CD63 using flow
cytometry,17 but are inconsistent with CD63 analyses of young and aged EVs as determined
by western blotting analysis.® The discrepancy in the findings confirm previous reports

of divergent subsets of nanoparticles analyzed depending on the method employed.3# In
addition, whereas previous studies using western blotting bulk analysis of the EV population
revealed an age-related increase in CD81,17 ImageStream analysis revealed that CD81 was
significantly decreased in aged EVs (p<0.0001; Fig. 3g). However, we note that the absolute
change in CD81 intensity was small, and, therefore, the physiological implications of these
changes are unclear.

To better understand the impact of aging on internal EV cargoes that may underlie
differential responses of target cells, we next performed Raman spectroscopy analysis of
young and aged EVs. This method allows for bulk characterization of EV biochemical
composition according to light scattering properties.3> Qualitative EV differences as a
function of age were evaluated by subtracting the aged EV spectra from the young, and the
resulting Raman spectral peaks were assigned to functional chemical groups, as previously
described.38 Interestingly, there were no appreciable differences in the protein content of
EVs according to age, which we further confirmed by a bicinchoninic acid assay (Fig. 3h, i,
Supplemental Fig. 4b). However, aged EVs displayed a marked decrease (A Intensity > 0.2)
in the Raman shift bands that are attributable to nucleic acids and a concomitant increase

in lipid content. These findings suggest that aging may drive remodeling of EV genetic
cargo and membrane composition, respectively. A hybrid model of unsupervised (Principal
Component Analysis) and supervised (Linear Discriminant Analysis) dimension reduction
techniques were then used to graphically express the differential variance of EVs according
to age (Fig. 3j, k). Taken together, the label-free and non-invasive Raman fingerprints
revealed a distinct biochemical profile of aged EV cargoes.

EVs dominate muscle transcriptomic responses to young blood

The data presented thus far suggest that aging alters EV composition and the transfer of
mitochondrially-targeted information present in blood to recipient stem cell progeny. To
better understand the response of injured skeletal muscle to circulating EVs at the level of
the transcriptome, we repeated the serum injection protocol described above and performed
RNA-seq analysis of hindlimb muscles in aged animals receiving tail vein injections of
saline, young serum, or young serum depleted of EVs and evaluated muscles 11 days

after injury (Fig. 4a). Linear Discriminant analysis (LDA) revealed that young serum and
EV-depleted samples clustered separately from sham controls across the LD1 component,
and young serum segregated from EV-depleted samples across LD2 (Fig. 4b). When we
compared the differentially expressed genes (DEG) between young serum and sham versus
young-depleted serum and sham, we found that the majority (313 genes; 61.5%) were
dependent on the presence of EVs (Fig. 4c). Serum factors other than EVs accounted

for 22.4% of the DEG (114 genes). A smaller group of genes (82 genes; 16.1%) were
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exclusively altered when comparing young-depleted serum versus sham controls. These may
indicate serum-related effects that are masked in the presence of EVs.

To investigate further the regulatory role of EVs in young serum on the transcriptomic
profile of injured aged skeletal muscle, we enriched gene ontology (GO) terms associated
with the 313 genes that were altered in the presence of EVs. Among the top altered
processes, terms associated with the regulation of ion channels, and, specifically, calcium
(Ca*?) and potassium (K*) predominated (Fig. 4d). Regulation of ion gradients is critical for
mitochondrial health and function.37-40

Klotho transcripts are abundant in young, but not old, EVs

One candidate at the intersection of Ca2*/K* ion channel activity, mitochondrial function,
and aging is the longevity protein Klotho?1:41-45, Recent studies from our laboratory

and other groups have shown that Klotho is necessary for the maintenance of MuSC
mitochondrial function?! and skeletal muscle regenerative capacity.212246 Upon activation,
young MuSCs express and secrete higher levels of the Klotho protein than aged MuSCs, and
loss of Klotho contributes to impaired MuSC mitochondrial ultrastructure and function over
time.2! Given the parallel effects of young serum EVs and Klotho protein, we tested whether
EVs from young mice might contain positive regulators of Klotho expression in MuSCs and
skeletal muscle, regulators that decline with age.

To evaluate the ability of EVs to induce Klotho expression in recipient cells, we

cultured aged cells in the presence of EVs isolated from young serum or vehicle control.
Immunofluorescence imaging revealed that Klotho protein in target cells was increased
when aged cells were exposed to young EVs (Fig. 5a, b). ELISA analysis of conditioned
media further demonstrated that cells cultured in the presence of young EVs displayed
increased Klotho levels (Fig. 5¢), suggesting that EVs also promoted Klotho secretion by
recipient cells. In contrast, cells cultured with aged EVs displayed significantly lower Klotho
protein levels when compared to cells cultured with young EVs (Extended Data Fig. 2).

As a more stringent test of whether EVs contain regulators of target MuSC Klotho
expression, we tested the effect of EV's on MPCs isolated from Klotho-null (K/otho™")
mice. K/otho™~ MPCs cultured in the presence of young EVs displayed increased
cytosolic and secreted Klotho protein levels (Fig. 5d, e, Supplemental Fig. 7). We note
that the antibodies and ELISA kits used have been previously validated,?147 and the
Klotho expression detected in the K/otho™~ cells and conditioned media are indicative
of background signal. Given that K/otho™~ MuSCs lack a functional K/otho locus, these
findings suggest that circulating EVs do not contain regulators that promote Klotho
expression by target cells per se, but that EVs may deliver the Klotho protein directly to
recipients.

In the light of these data, we next tested whether EVs store and transmit the Klotho
protein and whether this information transfer changes with age. Whereas EVs within urine
have been shown to contain Klotho protein*8, Klotho protein within serum-derived EVs
has not to our knowledge been previously reported. Surface Plasmon Resonance imaging
(SPRi) analysis revealed that circulating EVs contain Klotho protein. However, protein
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levels were unaltered with aging (Fig. 5f). These findings, further confirmed using imaging
flow cytometry (Extended Data Fig. 5), suggest that Klotho protein within EVs is not likely
to explain the age-dependent ability of EVs to increase Klotho protein levels in target cells.

The Raman spectroscopy-based finding that aged EVs display a marked decline in nucleic
acid content prompted us to next test whether the increase in Klotho protein by target muscle
progenitors may be a result of the transfer of genetic information by EVs. EVs are capable
of delivering mRNAs that are functional and capable of being translated in the target cells.1®
Specifically, transcripts within EVs can encode polypeptides to support protein synthesis and
modulate cell responses.1549-51 To detect and quantify Klotho mRNA within peripheral
EVs, we designed a set of Klotho oligonucleotides. Imaging flow cytometry revealed

that young EVs contained abundant levels of Klotho mRNAs, but that Klotho mRNA
content was significantly decreased in aged EVs (p<0.0001; Fig. 5g,h). We found that
Klotho mRNA abundance was highly positively correlated with CD81 intensity (R2=0.90;
Supplemental Fig. 8). On the other hand, the correlation between Klotho transcript levels
and CD63 was very low (R?=0.05; Supplemental Fig. 8). These findings suggest that Klotho
transcripts are selectively apportioned to a specific subset of circulating EVs. Given that the
kidney is the primary source of Klotho,52 we also probed for the podocyte kidney marker,
podocin, in our EV populations. Unexpectedly, only 30% of EVs containing Klotho mRNA
expressed podocin (Supplemental Fig. 9a), suggesting that the majority of these EVs may
originate from alternate tissue sources.

To further confirm the age-dependent presence of Klotho transcripts within circulating

EVs, we performed imaging flow cytometry to probe for Klotho mRNAs in circulating

EVs of young and aged humans. As observed in mice, Klotho mRNAs in circulating EVs
were decreased with increased age, though the difference between groups did not reach
significance (Fig. 5i). Furthermore, RNAseq data of EVs isolated from the plasma of healthy
individuals that was archived on Gene Expression Omnibus (GSE100206) database®3
revealed varying levels of Klotho transcripts, although ages of the individuals were not
available (Fig. 5j, Supplemental Table 1).

To more directly test whether EV-derived Klotho mRNA is a source of Klotho protein
within target cells, we tested whether treatment with a small interference RNA (siRNA)

to Klotho would abate the Klotho response of recipient progenitors. After 48 hours of
culture, we found that Klotho protein in aged muscle progenitors exposed to siRNA treated
EVs was significantly lower than that from cells cultured in the presence of EVs treated
with a scramble siRNA (Fig. 5k, Supplemental Fig. 7). Accordingly, inhibition of Klotho
mRNA in young circulating EVs of a young animal also blunted the myogenic lineage
progression of target aged MPCs, as determined by decreased MyoD and desmin expression.
Inhibition of Klotho mRNA did not significantly affect the proliferative capacity of target
cells, as evidenced by the number of ki67 positive cells (Extended Data Fig. 5). To rule
out the possibility that the siRNA in EVs is transferred to the recipient cell where it inhibits
endogenous Klotho, we again delivered young EVs +/- siRNA to muscle progenitor cells
isolated from K/otho'~ mice. Just as was observed in wild type cells, the increased Klotho
protein expression in K/otho™'~ cells was blunted following treatment with SiRNA (Fig. 5I;
Supplemental Fig. 7).
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To further demonstrate the ability of EVs to transfer Klotho transcripts to target cells

and regulate mitochondrial integrity, we engineered EVs isolated from aged mice to carry
Cy5-labeled synthetic Klotho mRNA. Co-culture of aged MPCs with engineered EVs
confirmed that target cells take up and translate the EV-derived Klotho mRNA message,
as evidenced by both an increased cytosolic Klotho protein and increased secreted Klotho
within the conditioned media (Fig. 5m,n). Moreover, the increased Klotho protein in the
target cells was concomitant with an enhanced mitochondrial ultrastructure, MyoD, and
desmin (Extended Data Fig. 5). Proliferation of target cells was not significantly affected
in the presence of synthetic Klotho mRNA (Fig. 50, Extended Data Fig. 5). Together, these
findings support the hypothesis that circulating EVs increase Klotho protein within target
muscle cells via the transfer of Klotho mMRNA and that this transfer supports target MPC
mitochondrial integrity and myogenicity.

Next, we sought to evaluate the direct physiological contribution of circulating EVs on the
skeletal muscle regenerative cascade /n vivo. Aged mice were intramuscularly injected with
EVs from young serum, EVs from aged serum, or a vehicle control (saline) at the site

of an acute muscle injury (Fig. 6a). For these studies, we locally injected EVs so as to
ensure a comparable number of donor EVs at the site of muscle injury across experimental
groups (something not possible with systemic delivery). Injection of EVs derived from both
young and aged mouse serum significantly enhanced myofiber cross sectional area when
compared to saline-injected controls (Fig. 6b, c). However, there were significantly fewer
regenerating fibers with aged serum EV treatment when compared to young serum EV-
treated counterparts (Fig. 6d). Collagen | staining revealed that treatment with young serum
EVs significantly decreased fibrotic deposition in the interstitial space when compared to
treatment with saline or aged serum EVs (Fig. 6e, f). Histological evidence of improved
myofiber regeneration in the presence of young, but not aged, EVs was supported by
functional assessments, whereby aged muscle injected with young EVs displayed improved
force recovery when compared to saline injected counterparts. However, the beneficial effect
of EV injection on force recovery was lost when mice were injected with EVs isolated from
the serum of aged mice (Fig. 6g).

To evaluate the extent to which the beneficial effect of young EVs on muscle regeneration is
dependent on Klotho transcript levels, EVs were isolated from K/otho*!~ animals and age-,
sex, and strain-matched control mice. Imaging flow cytometry confirmed that EVs from
Klotho'= animals contained significantly reduced levels of Klotho mRNA (Supplemental
Fig. 9b). Unexpectedly, Klotho protein was increased in the EVs of K/othot'~ animals that
were characterized for EV markers, when compared to controls (Supplemental Fig. 9c-f).
When we injected aged animals with equal numbers of EVs isolated from either the serum
of young Klotho'~ animals or Klothot'* controls, there was no difference in the mean cross-
sectional area across groups (K/* EVs: 1040+ 279.6 pm?2, K/*/~ EVs: 810.8+157.2 um2,
p=0.09). However, animals receiving K/othot'~ EVs displayed a significant decrease in the
number of large myofibers (i.e., greater than 600 um?2)>4, increased fibrosis, and impaired
force recovery when compared to K/*/* EV-injected controls (Fig. 7a—e). This impaired
regenerative response in the presence of K/otho'/~ EV's was concomitant with a decreased
SDHA content in muscles injected with K/otho*’~ EVs (Fig. 7f, Supplemental Fig. 9g). In
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a subsequent gain-of-function rescue paradigm, we injected injured aged mice with young
Klotho™'~ EVs that were engineered to express synthetic Klotho mRNA. Restoration of
Klotho mRNA levels resulted in a significantly improved myofiber cross-sectional area

and reduced fibrosis when compared to animals treated with transfection-treated K/otho™~
EV controls (Fig. 7g—i). Moreover, SDHA content was significantly enhanced in the
regenerating myofibers of muscles injected with engineered EVs (Fig. 7j,k). Taken together,
these findings support the conclusion that Klotho transcripts within circulating EVs promote
functional skeletal muscle regeneration.

DISCUSSION

The studies presented here demonstrate the anti-geronic effect of young circulating EVs on
aged skeletal muscle regenerative potential. Prior studies have shown that muscle-derived
EVs influence the myogenic profile of MuSCs.>> However, the direct role of circulating
EVs on the skeletal muscle regenerative cascade has not been studied. Transcriptomic
profiling of muscles treated with young serum vs. young serum depleted of EVs suggest
that most transcriptomic changes in aged muscle exposed to young serum are attributed
to circulating EVs. Indeed, we found that young circulating EVs enhance mitochondrial
function in MuSC progeny /n vitro and functional skeletal muscle regeneration /n vivo.
Machine learning classifiers revealed that aging shifts EV subpopulation heterogeneity
and a loss of EVs containing Klotho mRNA. Notably, we showed these transcripts to

be preferentially apportioned to EVs expressing high levels of the surface marker, CD81
(CD81Mign) . Finally, we demonstrated that Klotho transcripts transferred from circulating
EVs to recipient cells enhance target cell mitochondrial function 7n vitro and functional
skeletal muscle regeneration /n vivo.

To date, the bulk of studies investigating mechanisms underlying the beneficial effect of
heterochronic blood exchange on aged tissues have primarily focused on identification of
circulating proteins and their effects on a single tissue system of interest. As an alternative,
here we tested the hypothesis that information stored within circulating EVs of young serum
contains youthful signals that attenuate tissue aging. EVs are shed from cells by budding or
by exocytosis, and the information contained within EVs (i.e. proteins, lipids, and genetic
material) is a reflection of the originating cell health state.”:8 This stored information within
EVs is ultimately received and interpreted by a recipient cell to elicit a response. For
example, EVs released from acutely stressed cells elicit a protective effect on recipient cells
by making the recipient more tolerant to a future stressor stimulus.>® In contrast, our results
suggest that, under chronic conditions of stress such as aging, signals communicated by
circulating EVs become less supportive—and potentially deleterious—in nature. Whereas
young serum enhanced the mitochondrial ultrastructure and bioenergetics of aged muscle
stem cell progeny, the benefit was lost when cells were cultured in serum depleted of EVs.

Although we focused here on the impact of aging and EVs on the bioenergetic responses
of target MPCs, we also found that FAPs freshly isolated from aged muscle were similarly
sensitive to the effect of EVs on mitochondrial function (Supplemental Fig. 2b). These
findings suggest that the beneficial effect of young EV cargoes on target cell mitochondrial
function may not be limited to muscle cells, though further studies are needed. Moreover,
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the altered phenotype of MuSCs in the presence of young EVs is likely to trigger
downstream effects on other resident muscle cell populations. Indeed, recent work by Fry et
al, demonstrated that MPCs regulate collagen expression in FAPs via the exosome-mediated
intercellular communication.>’

Our finding that Klotho mRNA is preferentially stored in a population of CD81high

EVs is consistent with the current understanding that RNAs are actively apportioned to
specific EV subpopulations.8 In the context of miRNAs, for example, specific short motifs
underlie selective sorting into exosomes (a subpopulation of EVs).58 Further studies are
needed to understand the cellular origin of Klotho mRNA within EVs, the mechanisms by
which transcripts appear to be preferentially apportioned to CD81M3" EVs, and how aging
interferes with this sorting process. Finally, although Klotho protein has been previously
shown to increase in activated MuSCs and is required for MuSC myogenic differentiation,2!
Klotho mRNA is likely just one amongst many age-dependent EV features that regulate
MuSC function and skeletal muscle regeneration over time.

Taken together, these studies suggest that age-related declines in Klotho transcripts within
circulating EVs may contribute to impaired mitochondrial function and regenerative
response, but that exposure to young circulating EVs reverses this negative effect of

time’s arrow. We anticipate that an enhanced mechanistic understanding of the potential of
circulating EVs to attenuate, prevent, or even reverse age-related declines in skeletal muscle
regeneration may help pave the way towards the development of EV-based therapeutic
approaches to the benefit of our growing geriatric population.

METHODS

Ethics approval, study design, and steps to ensure rigor

All animal experiments were performed with prior approval from the Institutional Animal
Care and Use Committee of the University of Pittsburgh. We complied with all relevant
guidelines set forth by the committee and the Division of Laboratory Animal Resources

for all experiments. Additional details regarding age, sex, and genetic background of the
mice used can be found in the supplemental file. For all in vitroand in vivo experiments,
investigators performing endpoint analyses were blinded to the treatment group. /n vitro
studies were repeated in duplicate or triplicate on different days to ensure reproducibility.
Only antibodies that have been validated were used. Source, product numbers, and lot
numbers are available in the Supplemental file. For /n vivo analyses, animals were ear-
tagged and samples were number-coded. Animals with obvious health problems were
eliminated prior to inclusion in the study. Animals in the lower and upper quartiles for either
baseline performance or extent of injury were considered outliers, and, thus, removed prior
to randomization (see Supplementary Fig. 10). All animals meeting criteria for inclusion
were then randomized to treatment groups. /n vivo studies included at least five animals per
experimental group and were performed in two independent cohorts as possible (indicated in
graphs are different colored data points and in the figure legends).
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Serum collection and processing

Serum of young and aged C57/BL6 mice (obtained from Jackson laboratories and NIA
Rodent colony, respectively), as well as Klotho™*, Klotho®~ and Klotho™~ mice (original
breeders obtained from MMRCC, UC Davis) were isolated from blood obtained from
animals using a cardiac puncture (see supplemental information for detailed methods).

In vitro experiments

Skeletal muscle progenitor cells and fibro-adipogenic progenitors were isolated from aged
C57/BL6 (22—24 months) and/or Klotho™~ male mice (8 weeks), using a previously
described protocol?L. Cells were exposed to young or aged serum, with or without EVs
for 48 hours, after which point endpoint analyses were performed.

Immunofluorescence imaging

Immunofluorescence staining for Klotho (R&D systems, MAB1819) and MyoD (SCBT,
sc-760) as well as nonyl acridine orange (NAO) staining (Thermofisher, A1372) for
cardolipin content was performed on aged cells across experimental groups. Muscle sections
were analyzed for fiber cross-sectional area using an antibody against Laminin (Abcam,
ab11575). Imaging was performed at 20X magnification on Zeiss-Axiovision microscope
(see supplemental information for detailed methods).

Analysis of cellular bioenergetics

Oxygen consumption rate (OCR) was measured in real time using a Seahorse XFe96
Extracellular Flux Analyzer (Billerica, MA) as previously described.>® Additional details
provided in the supplemental file.

Serum injections in animals

Wild-type aged male C57/BL6 (21-24 months) were randomized into one of three cohorts
that received tail-vein injections of 100 pL of young serum, 100 uL of young serum depleted
of EVs, or sham injections. For studies of muscle function and transcriptomic analysis,
animals were injected every three days for a total of eight injections.

Functional and histological analysis of muscle regeneration

For muscle function studies, on day 12 of serum injections experimental paradigm, aged
male mice received injuries to bilateral Tibialis Anterior (TA) muscles via an intramuscular
injection of cardiotoxin (10 pL of 1 mg/mL). Muscle function was evaluated on the 23"
day. To study the effect of EV injections on muscle regeneration after injury, three days post-
injury, animals received 20-30 pL bilateral intramuscular injections of 5x108 — 7.5 x108
EVs. In situ contractile testing was performed using a previously described protocol two
weeks after injury®0. TAs were harvested for histological analysis of myofiber regeneration
using an antibody against Laminin. Myofiber cross-sectional area of centrally nucleated
fibers (i.e., regenerating fibers) was quantified using ImageJ software, in which regenerating
fibers were manually traced by a blinded investigator. All animals were randomly assigned
to intervention group based on their baseline hang-impulse scores and were compared to
age-matched littermate controls whenever possible (Supplemental Fig. 10).
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EV isolation and characterization

EVs were isolated from serum of young, aged, Klotho*/* and Klotho*/~ animals

using size-exclusion chromatography (qEVsingle-35 nm iZON columns) according to
manufacturer’s instructions. The EVs collected in 6-11 fractions were characterized for size
by Nanoparticle Tracking Analysis on NanoSight NS300. EVs were then characterized for
CD63 (SCBT 5275) and CD81 (SCBT 23962) markers using multispectral flow cytometry-
based ImageStream analysis.

Imaging-flow cytometry and computational analysis

EVs isolated from young and aged serum were analyzed using Amnis®
ImageStream®XMark Il - Luminex Corporation. Samples were stained for EV markers
using conjugated antibodies: CD63 AF488, CD81 AF405, and a lipophilic dye, PKH26. A
second set of samples were stained for PKH26, CD63 AF488, CD81 AF405 and Klotho
mRNA. The PrimeFlow™ method for mMRNA probing was performed according to the
manufacturer’s instructions (see supplemental document for detailed methods). A 20bDNAs
mouse Klotho Type 1 oligos probe VB1-6001084 (Part No. 6003837) and mouse Klotho
Type 10 oligo probe VB10-6001085 (Part No. 6003838) were hybridized with the label
probes to evaluate total Klotho mRNA distribution within each EV (see supplemental
methods for details). The fluorescent images for Klotho mRNA were captured using the

647 nm and 548 nm excitation laser of the instrument. Gating strategy employed for imaging
both sets of samples of the EVs were based on a positive PKH26 signal as well as aspect
ratio and particle area (Supplemental methods).

Both brightfield, side-scatter and fluorescent images of the EV's were captured using the
INSPIRE® software. Classical computer vision-based algorithms in Python were applied to
both, brightfield and side-scatter channels of each particle-image to filter out nanoparticles
fitting the geometric criteria of EVs (for instance, high circularity). Statistical approaches
and machine learning algorithms were applied to the filtered dataset to identify the best set
of features that can accurately classify an EV into a particular age-group (see supplemental
document for detailed methods).

SPR imaging and analysis

EVs were injected into the flow cell of the SPRi instrument XelPleX (Horiba Scientific
SAS) over a gold chip (SPRi-Biochip, Palaiseau, France) onto which antibodies against
Klotho were spotted using a micro-spotter (SPRi-Arrayer, Horiba). EzSuite software and
OriginLab software were used to analyze the collected sensograms.

Raman Spectroscopy

Young and aged EVs isolated by size-exclusion chromatography were concentrated by an
ultracentrifugation step (100,000 g x 70min). These EVs were then analyzed by means
of Raman spectroscopy (LabRAM, Horiba Jobin Yvon S.A.S. Lille, France) following a
previous published protocol3®.

Nat Aging. Author manuscript; available in PMC 2022 June 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sahu et al.

ELISA

Page 14

Media was collected from different sets of 7 vitro studies for ELISA based quantification
of Klotho protein. For instance, aged MPCs were cultured at a concentration of 8,000

or 10,000 per well of an eight-well chamber slide in 250 L volume, for 24 hours prior

to any treatment condition. One billion EVs per well from different treatment groups
were administered to the cells. Media was collected 48 hours after treatment. When cells
were cultured on a 12-well tissue-culture treated plate, 20,000 cells were plated per well
in a 500 pL volume, for 24 hours prior to any treatment condition. Two billion EVs

were administered to the cells from different treatment groups and media was collected
from the wells 48 hours post-treatment. Levels of Klotho protein in conditioned media
were measured by a colorimetric sandwich enzyme immunoassay (SEH757Mu, Cloud-
Clone Corp), according to manufacturer’s instructions. The protein concentration was then
normalized to total number of cells per well.

Engineering EVs to express synthetic Klotho mRNA

Aged EVs and Klotho*/~ EVs were transfected with the synthetic Klotho mRNA
oligonucleotides (Trilink Biotechnologies) using Exo-Fect™ Exosome Transfection Reagent
from System Biosciences (Cat#EXFT-10A1). The loaded EVs were administered to aged
MPCs for 48 hours. Refer to supplemental file for details.

Statistical analysis

Analyses were performed using GraphPad Prism version 8 software and IBM SPSS
Statistics, Version 28 (IBM; Armonk, NY). Shapiro-Wilk and Levene’s tests were initially
performed to assess the normality of data and equality of variances, respectively. If
assumptions of normality and homogeneity of variances were met, a Student’s t-test was
performed while comparing two groups. When conditions for normality were not met, the
groups were compared using Mann-Whitney U test. A Welch’s test was applied when there
were differences between the standard deviations of the groups. For sample size less than 5,
a non-parametric test was applied to compare the groups. Two-tailed tests were employed
for all experiments comparing two groups. Any quantification comparing three experimental
groups were analyzed by one-way ANOVA followed by Tukey’s multiple comparison test or
Dunn’s multiple comparison test if test for normality was not met. For evaluating differences
in force producing capacity between two groups across increasing frequencies, a two-way
mixed ANOVA model was employed to evaluate the effect of frequency, experimental
groups, and the interaction between them on specific force. All results were expressed as
mean + standard error. Statistical significance was set a prioriat p<0.05, two sided. Based
on the preliminary investigations of peak muscle tetanic force in young and aged animals
and after adjusting for unforeseen circumstances estimated at 20%, the final sample size for
functional testing was 8-10 animals/group.

Nat Aging. Author manuscript; available in PMC 2022 June 04.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sahu et al. Page 15

Extended Data
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Extended Data Fig 1. Depletion of EVs eliminatesthe effect of young serum on Pax7 expression
of muscle progenitors.

Quantification of Pax7+ in aged MPCs treated with aged serum, young serum, or EV-
depleted aged or young serum. Scale: 50 pm. (****p<0.0001, two-tailed Mann-Whitney test
comparing depleted young serum and young serum treatments). Data presented as mean +
SEM. Data from different cohorts or experimental groups performed on different days are
presented within the same graph as black or red circles.
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Extended Data Fig 2. The ability of EVsto modulate target cell Klotho and MyoD protein levels
isdependent on Klotho mRNAs.

a, Imaging and quantification of Klotho protein in aged MPCs following culture in the
presence of young or aged EVs for 24 hours. Scale: 50 pm.(n= 6 wells/group performed
over two independent experiments, **p<0.01, two-tailed Welch’s t-test). b, Representative
violin plot of Klotho protein intensity per EV from young and aged serum, using imaging
flow cytometry. (n=11,229-11,685 EVs/group for this experimental run. EVs pooled from
4 young and 4 aged serum samples, p>0.05, two-tailed Mann Whitney test, experiment
repeated in triplicates). Violin plot minima, maxima, median, 25t percentile and 75t
percentile are 0, 272915.9, 0, 0, and 26.36 for young, and 0, 272241.3, 0, 0, and 23.2

for aged respectively. ¢, Quantification of MyoD+ (%), desmin+ (%), and ki67+(%) aged
MPCs receiving young serum EVs treated with scramble or siRNA to Klotho or d, aged
serum EVs or aged serum EVs loaded with synthetic Klotho mRNA.(MyoD and desmin
(scramble, siRNA), desmin (aged EVs, synKL): **p<0.01, ***p<0.001, ****p<0.0001,
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two-tailed t-test with Welch’s correction, n=5-6 wells/group; MyoD (aged EVs, synKL,
**p<0.01, two-tailed Mann Whitney test, n=5 wells/group), ki67 (scramble, siRNA and aged
EVs, synKL, p>0.05 (p=0.1), two-tailed Mann Whitney test). Data presented as mean +
SEM. Data from different cohorts or experimental groups performed on different days are
presented within the same graph as black or red circles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The beneficial effect of young serum on aged muscle progenitorsis dependent on

circulating EVs

a, Immunofluorescent imaging of MyoD (red) and nuclei (DAPI; blue) in aged MPCs
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cultured with serum from aged or young mice. Scale: 25 pm. Quantification of b, MyoD
and c, desmin (b: ***p < 0.0001, two-tailed Welch’s t-test, n=6 wells/group. c: **p<0.01,
two-tailed Mann-Whitney test, n=5 wells/group). d, Quantification of oxygen consumption
rates (OCR) of MPCs cultured in the presence of aged or young serum. The experiment
was repeated in triplicate. Data presented were taken from one representative experiment
(**p<0.01, two-tailed Student’s t test, 3-4 wells/group averaged over n=3 time points prior
to oligomycin treatment). e, Immunofluorescent imaging and f, quantification of cardiolipin
(NAQ; green) and nuclei (DAPI; blue) in aged MPCs cultured with young or aged serum.
Scale bar: 50 um (*p < 0.05, two-tailed Mann Whitney test, n=7 (aged serum), 8 (young
serum) wells). Quantification of g, MyoD (#p<0.05, ****p<0.0001 when compared to age-
matched controls from figure 1B, two-tailed student’s t-test, n=8 wells/group) and h, desmin
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(**p<0.05, ***p<0.001 when compared to age-matched controls from figure 1c, two-tailed
student’s t-test, n=5 wells/group) in cells treated with young or aged serum depleted of EVs.
i, Representative bioenergetic profiles of aged cells treated with young or aged serum with
or without EVs (n=3 independent experiments). j, Seahorse analysis of aged MPCs treated
with young and aged serum depleted of EVs (*p<0.05, **p<0.01, ****p<0.0001, one-way
ANOVA with Tukey’s multiple comparisons). Data presented as mean = SEM of n=3 time
points prior to oligomycin treatment, performed in 4-8 wells/group, as shown in figure 1i.
The experiment was repeated in triplicate, and one experimental set of data is presented.
Data are presented as mean + SEM. Data from different cohorts or experimental groups
performed on different days are presented within the same graph as black or red circles.
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Fig. 2. The beneficial effect of young serum on aged muscle regeneration and mitochondrial
function isdependent, at least in part, on circulating EVs.

a, Schematic of the experimental paradigm for muscle functional recovery after serum
injections. b, Quantification and c, representation of cross-sectional area of muscle fibers
(Laminin; green) and nuclei (DAPI; blue). Scale: 50 um. (*p<0.05, n=7/group, one-way
ANOVA with Tukey’s multiple comparisons). d, Comparison of peak specific force across
the three experimental groups (*p<0.05, n=9 (Sham), 11 (Young serum), 12 (Depleted
young serum), one-way ANOVA with Tukey’s multiple comparisons). e, Representation
and f, quantification of SDHA in regenerating myofibers of injured muscles receiving
sham, young serum, or EV-depleted young serum treatments. (SDHA; green) and nuclei
(DAPI; blue) (*p<0.05, **p<0.01, n=6/group, non-parametric ANOVA with Dunn’s multiple
comparisons). g, LICOR imaging and h, quantification of intensity of labeled EVs in
uninjured and injured TAs receiving saline or dyed EVs in the circulation. The experiment
was repeated in duplicate. i, Quantification of intensity of labeled EVs in muscle using
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scanned images of TA muscles by LICOR Odyssey equipment. (****p<0.0001, one-way
ANOVA with Tukey’s multiple comparisons, n=4/group). i, Representative image of
MyoD+ cells co-localizing with PKH26 dyed EVs at the site of injury 48 hours after EV
injection. The immunofluorescence staining was repeated in duplicate by two independent
investigators. Scale: 25 um. Data presented as mean = SEM. Data from different cohorts
or experimental groups performed on different days are presented within the same graph as
black or red circles.
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Fig. 3. Aging shifts EV subpopulation heterogeneity and disr upts the biochemical fingerprint of

EVs.

a, Quantification of MyoD-positive aged MPCs treated with young or aged serum EVs
(*p<0.05, two-tailed Welch’s t-test, n=6 (Aged),7(Young) wells). b, Quantification of

cardiolipin content (NAO) of aged MPCs following exposure to young or aged EVs
(**p<0.01, two-tailed Student’s t-test, 3 wells/group, data representative of two independent
experiments). ¢, Representative histogram and quantification of nanoparticle concentration
in young and aged serum EVs (**p<0.01, two-tailed Welch’s test, n=6 (Young), 8 (Aged)
samples). d, Classical computer vision-based filtering of imaging flow cytometry images

of EVs based on the bright-field channel. e, EIbow plot of gradient-boosted decision tree
classifier derived feature importance ranks to discriminate EVs based on age. Features used
were based on size (area, aspect ratio), signal strength (intensity) and texture (modulation)
of the EVs in the bright-field, CD63, CD81 and PKH26 image channels. Rug plots and

beeswarm plots (inset) for f, CD63 intensity (p<0.0001, n=6417-13077 EVs per group

Nat Aging. Author manuscript; available in PMC 2022 June 04.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sahu et al.

Page 26

for this experimental run, EVs pooled from 4 serum samples of both young and aged
animals, two-tailed Mann Whitney test, experiment repeated in triplicates) and g, CD81
intensity for young and aged serum EVs. (p<0.0001, n=6417 (young),13077 (aged) EVs

for this experimental run, EVs pooled from 4 serum samples of both young and aged
animals, two-tailed Mann Whitney test, experiment repeated in triplicates). h, Average
Raman spectra with standard deviation (grey band) of young and aged serum EVs. i,
Subtraction spectrum of the differences between the average spectra acquired for young and
aged serum EVs. j, Principal Component Analysis (PCA) with 95% confidence interval and
k, Linear Discriminant Analysis of spectra data acquired from aged and young serum EVs
(n=5 samples/group; ***p<0.001, two-tailed Mann Whitney test). Minima, maxima, median,
25t percentile and 75t percentile: 0.46324, 5.082, 2.85669, 2.09799, 3.45523 (young serum
EVs); —-5.67133, 0.48193, —3.35317, —3.60656 and —2.9319 (aged serum EVs). Boundaries
determined using inter-quartile range with 1.5 as coefficient: 1.35723 for young serum EVs
and 0.67466 for aged serum EVs.

Data presented as mean = SEM.
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Fig. 4. Transcriptomic alterationsin skeletal muscle with young serum treatment are
predominated by EVs.

a, Schematic of the experimental paradigm for RNAseq analyses after serum injections.

b, Linear Discriminant Analysis (LDA) of RNA-seq data acquired from injured aged
skeletal muscles receiving sham, young serum, or EV-depleted young serum injections.

¢, Venn diagram displaying overlap of global differentially expressed (DE) genes when
comparing young serum vs. sham and EV-depleted young serum vs. sham (Log fold change
magnitude 0.1, false discovery rate magnitude 0.1). d, Gene ontology (GO) terms for
highly differentially expressed due to the presence of EVs in young serum (log fold change
magnitude higher than 1.5, false discovery rate magnitude lesser than 0.1).
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Fig. 5. Klotho transcriptsin EVsdecline over time and are preferentially contained within EVs
with high expression of the CD81 surface marker.
a, Imaging and b, quantification of Klotho (green) in MPCs cultured in the presence or

absence of young EVs in culturing media. Scale bar: 50 um. (*p<0.05, **p<0.01, one-way
ANOVA with Tukey’s multiple comparisons, n= 6 (Young MPCs), 7 (No EVs), 7 (Young
serum EVs) wells). ¢, Quantification of secreted Klotho in conditioned media of aged MPCs
treated with or without young EVs (****p < 0.01, two-tailed Mann Whitney test, n=11 (No
EVs), 20 (Young serum EVs)). d, Klotho quantification in Klotho™~ MPCs in the presence
of no EVs or young EVs (****p<0.0001, two-tailed Welch’s t-test, n=6 wells/group). g,
Quantification of secreted Klotho in culture media of Klotho™~ MPCs in the presence or
absence of young EVs (***p<0.001, two-tailed Welch’s test, n=14 (No EVs), 17 (Young
serum EVs)). f, Surface Plasmon Resonance imaging (SPRi) and analysis of Klotho protein
in young and aged serum EVs. (p>0.05, two-tailed Student’s t test, n=4 (Young), 7(Aged)).
0, Rug plot with beeswarm plot of Klotho mRNAs in young and aged serum EVs. h,
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3D-plots of Klotho mRNA distribution in CD63 and CD8L1 positive circulating EVSs. i,
Klotho mRNAs quantification in young and aged human serum EVs. (p>0.05, two-tailed
Welch’s t-test, n=5/group) j, Human EV-Klotho mRNA quantification in publicly archived
dataset (n=32). k, Klotho quantification in aged MPCs receiving young EVs treated with
either non-targeting siRNA (scramble) or siRNA to K/otho (***p<0.001, two-tailed Welch’s
t-test, n=6 wells/group, repeated in two independent experiments). |, Klotho quantification
in KI”~MPCs receiving young EVs treated either with a non-targeting siRNA (scramble)
or siRNA to K/otho (***p<0.001, two-tailed Welch’s t-test, n=6 wells/group, repeated in
two independent experiments). m, Imaging and quantification of Klotho protein (green) in
aged MPCs receiving aged EVs engineered with synthetic Klotho mRNA (pink). Scale: 50
um. (*p<0.05, two-tailed Welch’s t-test, n=12 (aged EVs), 14 (aged EVs+synKL) wells,
presented as fold change over aged serum EVs per experiment). n, Klotho quantification

in conditioned media of aged MPCs administered with aged EVs or aged EVs engineered
with synthetic Klotho mRNA (**p<0.01, two-tailed Student’ t test, n=5 (aged EVs), 6 (aged
EVs+synKL)). o, Cardiolipin (NAO) quantification in aged MPCs treated with aged EVs or
aged EVs engineered with synthetic mMRNA (**p<0.01, two-tailed Mann Whitney test, n=3
wells/group, data representative of one of the two independent experiments). Data presented
as mean + SEM and different cohorts performed on different days presented within the same
graph as black, red, or blue circles.
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Fig. 6. EV ageimpacts skeletal muscle regeneration and function.
a, Schematic of the /n vivo administration of EVs to injured aged mice. b, Representative

images of laminin (green) and c, histological analysis of fiber cross-sectional area of injured
TAs of aged mice receiving saline, young, or aged EVs. (**p<0.01, one-way ANOVA with
Tukey’s multiple comparisons, n=8-9/group). Scale: 50 um. d, Quantification of number of
regenerating fibers in injured TAs of aged mice receiving saline, young serum EVs, or aged
serum EVs (***p<0.001, *p<0.01, one-way ANOVA with Tukey’s multiple comparisons,
n=8 (aged), 9 (saline, young)). e, Representative images of Collagen | in injured muscle
cross-sections of aged mice receiving saline, young, or aged EVs. f, Histological analysis
of Collagen I in injured muscle cross-sections of aged mice receiving young or aged EVs
when compared to saline-injected controls (*p<0.05, ****p<.0001, one-way ANOVA with
Tukey’s multiple comparisons, n=6 (saline, aged), 8 (young)). Scale: 50 um. g, Specific
tetanic force of aged animals receiving intramuscular injections of saline, young, or aged
EVs. (**p<0.01, one-way ANOVA with Tukey’s multiple comparison, n=10 (aged), 15
(saline), 19 (young)). Data presented as mean + SEM. Data from different cohorts or
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experimental groups performed on different days are presented within the same graph as
black, blue, or red circles.
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Fig. 7. Klotho mRNA within EVs contribute to functional skeletal muscle regeneration.
a, Representative images of fibers (Laminin) of injured aged TAs receiving Klotho*/*

or Klotho*/~ serum EVs. Scale: 50 um. b, Number of regenerating fibers greater than
600um? in injured TAs of aged mice receiving Klotho™* or Klotho*/~ serum EVs. (*p<0.05,
two-tailed Mann Whitney test, n=6 (KI*/7), 7 (KI*/*)). ¢, Specific tetanic force frequency
curves of aged animals receiving EVs isolated from Klotho™* or Klotho*/~ serum (two-way
mixed ANOVA, repeated measures with frequency, interaction effect of frequency and
experimental group p=0.032, n=18 (KI*"*), 20(KI*/)). d, Representative images of Collagen
| in injured muscles of aged mice receiving Klotho*’* or Klotho*/~ serum EVs. Scale: 50
pum. e, Quantification of Collagen I in injured muscle cross-sections of aged mice receiving
Klotho*/* or Klotho*/~ serum EVs. (**p<0.01, two-tailed Welch’s t-test, n=6/group). f,
Quantification of SDHA of regenerating myofibers in injured TAs of aged mice receiving
Klotho*’* or Klotho*/~ serum EVs. (**p<0.01, two-tailed Mann Whitney test, n=7/group).
0, Representative images and histological analysis of h, fiber cross-sectional area and

i, collagen | of injured TAs of aged mice receiving Klotho*/~ serum EVs loaded with
transfection control or synthetic Klotho mRNA. (h: **p<0.01, two-tailed Mann Whitney
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test; i: **p<0.01, two-tailed Mann Whitney test; n=5 (KI*/~ EVs+transfection control),

6 (KI*/~ EVs+ synKL)). Scale: 50 um. j, Imaging and k, quantification of SDHA in
regenerating myofibers at the site of injury receiving Klotho*/~ serum EVs loaded with
transfection control or synthetic Klotho mRNA. (*p<0.05, two-tailed Welch’s t-test, n=5
(KI*/~ EVs+transfection control), 6 (KI*/~ EVs+ synKL)). Data presented as mean + SEM.
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