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Paracrine-mediated rejuvenation of aged mesenchymal stem
cells is associated with downregulation of the autophagy-
lysosomal pathway
George Hung1,2, Tamara Ashvetiya1, Aleksandra Leszczynska 3, Wanjun Yang1, Chao-Wei Hwang1, Gary Gerstenblith1,
Andreas S. Barth1 and Peter V. Johnston 1✉

Age-related differences in stem-cell potency contribute to variable outcomes in clinical stem cell trials. To help understand the
effect of age on stem cell potency, bone marrow-derived mesenchymal stem cells (MSCs) were isolated from young (6 weeks) and
old (18–24 months) mice. HUVEC tubule formation (TF) induced by the old and young MSCs and ELISA of conditioned media were
compared to one another, and to old MSCs after 7 d in indirect co-culture with young MSCs. Old MSCs induced less TF than did
young (1.56 ± 0.11 vs 2.38 ± 0.17, p= 0.0003) and released lower amounts of VEGF (p= 0.009) and IGF1 (p= 0.037). After 7 d in co-
culture with young MSCs, TF by the old MSCs significantly improved (to 2.09 ± 0.18 from 1.56 ± 0.11; p= 0.013), and was no longer
different compared to TF from young MSCs (2.09 ± 0.18 vs 2.38 ± 0.17; p= 0.27). RNA seq of old MSCs, young MSCs, and old MSCs
following co-culture with young MSCs revealed that the age-related differences were broadly modified by co-culture, with the most
significant changes associated with lysosomal pathways. These results indicate that the age-associated decreased paracrine-
mediated effects of old MSCs are improved following indirect co-culture with young MSC. The observed effect is associated with
broad transcriptional modification, suggesting potential targets to both assess and improve the therapeutic potency of stem cells
from older patients.

npj Aging            (2022) 8:10 ; https://doi.org/10.1038/s41514-022-00091-0

INTRODUCTION
The overriding goals of stem cell therapy are to improve the repair
of damaged tissues and limit the loss of function following an
injury. Older patients, with increased likelihood of disease, stand
to benefit the most from stem cell and other regenerative
therapies. Yet, advanced age and age-associated comorbid
medical conditions such as diabetes and heart failure have been
shown to negatively affect the therapeutic potency of a patient’s
stem cells1–9, which may explain, in part, the variable effects of
autologous cells in clinical trials to date10–12. At the same time,
there is a growing consensus that stem cells exert beneficial
effects to a large extent by release of growth factors, cytokines,
exosomes, and other micro-vesicles, which are collectively referred
to as “paracrine factors” (PFs)13–15. Age-related differences in PF
composition and release may explain variations in stem cell
therapeutic potency among patients whose ages differ16–18.
However, there is also evidence that stem cells obtained from
older animals can revert to a younger phenotype (i.e. be
“rejuvenated”) in some cases following exposure to media
conditioned by younger cells19–21, offering hope that stem cell
tissue repair can be enhanced in those with sub-optimal cells. Less
is known regarding how such “rejuvenated” old cells are modified
on a transcriptional level. Understanding the effect of exposure to
media conditioned by young cells on PF release by rejuvenated
old cells, as well as the underlying mechanism, could lead to
methods to improve cell and tissue repair in older patients.
Mesenchymal stem cells (MSCs) are frequently tested in clinical

trials of cell therapy for the heart and other organs and release a
spectrum of PFs22–25. To assess the effect of age on MSC

therapeutic potency, bone marrow-derived MSCs were isolated
from young (4–6 weeks) and old (18–24 months) mice and their
abilities to stimulate paracrine-mediated angiogenesis were
compared. We further sought to determine whether exposure of
MSCs obtained from older animals to media conditioned by MSCs
from young animals improves experimental angiogenic perfor-
mance and PF release by the “rejuvenated” old MSCs. Further, to
examine underlying differences in gene expression between
young and old MSCs, and the effects of exposure of old MSCs
to media conditioned by young MSCs on gene expression, we
performed RNA sequencing and quantitative RT-PCR.

RESULTS
MSC characterization and differentiation
Surface marker expression confirmed MSC phenotype as evi-
denced by expression of CD44 and SCA-1 with the absence of
CD34, CD45, and CD31 (Fig. 1a). There was no significant
difference in surface marker expression between old and young
MSCs. Old and young MSCs were induced to undergo osteogenic
and adipogenic differentiation upon exposure to respective
differentiation medium (Fig. 1b). Van Kossa staining revealed the
presence of mineralized matrix in all samples treated with
osteogenic supplements. The staining was more prominent in
young MSCs compared to old MSCs, and calcium levels were
substantially greater in young, compared to old, MSCs (Fig. 1c).
The formation of lipid droplets in young and aged MSCs after
exposure to adipogenic media was observed using Oil Red O
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staining. There was no significant difference in adipogenic
differentiation between the old and young MSCs (Fig. 1d).

Young MSCs show superior paracrine-mediated angiogenesis
compared to old MSCs
Bioreactor tubes containing 105 young MSCs (n= 10) induced
significantly greater paracrine-mediated angiogenesis as assessed
by normalized tubule formation in the HUVEC assay than did BT
containing the same number of old MSCs (n= 23): 2.38 ± 0.17 vs
1.56 ± 0.11, p= 0.0003 (Permutation test; Fig. 2a). Young MSCs
also released significantly greater amounts of VEGF and IGF1
compared to those released by old MSCs (Fig. 2b). For VEGF:
37.2 ± 3.6 vs 15.0 ± 6.1 pg/ml (p= 0.009; n= 6 in each group;
Mann–Whitney) and for IGF1: 30.2 ± 5.0 vs 15.8 ± 5.0 pg/mL
(p= 0.037; n= 6 in each group; Mann–Whitney). There was no
significant age difference in SDF1 release, 201.7 ± 14.0 vs
155.0 ± 31.7 pg/ml for young and old, respectively (p= 0.24
n= 6 for young MSCs, n= 4 for old; Mann–Whitney).

Rejuvenation of old MSCs by exposure to PFs released by
young MSCs
To determine whether exposure of old MSCs to media condi-
tioned by young MSCs improves PF-mediated angiogenesis by the
older cells, bioreactors containing 105 old MSCs were co-
incubated with separate bioreactors containing 105 young MSCs
for 7 days (Fig. 3b). Control experiments were performed using
2 separate bioreactors, both containing 105 old MSCs. Exposure of

old MSCs to the PFs from the young MSCs significantly improved
their ability to induce paracrine-mediated tubule formation in the
HUVEC assay, with normalized tubule formation of 2.09 ± 0.18
(n= 14) by the “rejuvenated” old MSCs vs 1.56 ± 0.11 stimulated
by old MSCs grown alone (n= 23; p= 0.013; Permutation test; Fig.
4a). In addition, tubule formation by the “rejuvenated” old MSCs
and young MSCs grown alone were not significantly different:
2.09 ± 0.18 (n= 14) vs 2.38 ± 0.17 respectively (n= 10 in each
group; p= 0.27; Permutation test). Tubule formation by bioreac-
tors containing old MSCs exposed to bioreactors containing other
old MSCs (n= 20) was significantly less than that by the
“rejuvenated” old MSCs: 1.53 ± 0.08 vs 2.09 ± 0.18, respectively
(p= 0.003; Permutation test) and not significantly different from
tubule formation stimulated by bioreactors containing old MSCs
grown alone: 1.53 ± 0.08 vs 1.56 ± 0.11, respectively (p= 0.83;
permutation test).

Improved PF release by rejuvenated old MSCs
There was a non-significant trend for higher VEGF production by
the “rejuvenated” old MSCs (n= 8) compared to VEGF production
by old MSCs grown with other old MSCs (n= 12 in each group):
171.5 ± 22.4 vs 126.8 ± 23.0 pg/mL (p= 0.17; Mann–Whitney; Fig.
4b). However, there were significant increases in their production
of IGF1: 867.4 ± 88.4 vs 563.5 ± 122.6 pg/mL (p= 0.047;
Mann–Whitney) and SDF1: 9.3 ± 0.45 vs 7.1 ± 0.95 ng/mL
(p= 0.038; Mann–Whitney). These results indicate that IGF1 and
SDF1 may play an important role in mediating the “rejuvenation”

Fig. 1 MSC characterization and in vitro differentiation capacity. a Flow cytometry results show that MSCs from both young and aged
donor mice were uniformly positive for MSCs markers CD44 and Sca-1 and negative for hematopoietic stem cells markers CD34 and CD45 and
endothelial marker CD31 (n= 6). b MSCs from young and aged donor mice display fibroblast-like morphology on bright field microscopy (left
panels; scale bar = 20 μm). Following exposure to differentiation media MSCs from both young and aged mice showed osteogenic (middle
panels) and adipogenic (right panels) differentiation as detected by Von Kossa and oil red O staining, respectively. c Quantitative assessment
of calcium deposition showed significantly less calcium deposition in aged MSCs compared to young following exposure to differentiation
media (p ≤ 0.05; t test; n= 3 each group). d There was no significant difference in lipid content between groups (t test; n= 3 each). MSCs
cultured in control medium served as negative control for both conditions. Error bars show s.d.
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angiogenesis effect of exposure of old MSCs to media containing
PFs elaborated by young MSCs.

RNA sequencing reveals marked differences among young,
old, and rejuvenated old MSCs
To both assess the transcriptional differences between young and
old MSCs, and the changes in old MSCs mediated by exposure to
media conditioned by PFs released by young MSCs, RNA
sequencing was performed. Principal component analysis (PCA)
of the >20,000 transcripts assessed revealed three distinct
expression groups correlating with young, old, and rejuvenated
old MSCs (Fig. 5). There were 2831 differentially expressed gene
transcripts (DEGs) when those from the old MSCs were compared
to those from the rejuvenated old MSCs. Of these, 831 were
differentially expressed in rejuvenated old MSCs in a pattern that
was more similar to that of the young MSCs, i.e. represented a
more “youthful” expression profile (Fig. 6).

Functional annotation
KEGG pathway analysis of the 831 DEGs with the more youthful
expression profile showed that rejuvenation was associated with
downregulation of lysosomal pathways and significant changes in
extracellular matrix–receptor interaction (FDR < 5%; Fig. 7a, b).
Several lysosomal marker genes showed significant upregulation
with aging and downregulation with rejuvenation (e.g. Lamp1,
Gaa, and Atp6v0a2; Fig. 7b) and expression of these genes was
validated by SybrGreen RT-PCR (Fig. 8). Transcripts that showed no
significant change in rejuvenation were more likely to be involved
in “Pathways in cancer” and signaling pathways, e.g. the PI3K-Akt-
pathway (FDR < 5%; Fig. 7). To validate the findings of the KEGG
pathway analysis, functional assessment of autophagy was
performed using old, young, and rejuvenated old MSCs (Fig. 7c)
showing significant differences between old and young (p < 0.05; t
test) and old and rejuvenated old MSCs (p < 0.05; t test) and no
significant difference between young and rejuvenated old MSCs.

Fig. 2 HUVEC tubule formation and relevant PF release: young v old. a Young MSCs housed in bioreactor tubes (n= 10) stimulated
significantly greater TF by HUVECs over 18 h than did the same number of old MSCs (n= 23; p < 0.001; permutation test; scale bar = 20 μm).
b Conditioned media from young MSCs produced significantly greater amounts of VEGF (p= 0.009; Mann–Whitney; n= 6 for each group) and
IGF-1 (p= 0.047; Mann–Whitney; n= 6 for each group) than did conditioned media from old MSCs; there was no significant difference in SDF-
1 production (Mann–Whitney; n= 6 for young, n= 4 for old). Error bars show s.e.m.

Fig. 3 Workflow for human umbilical vascular endothelial cell (HUVEC) angiogenesis experiments. a The same number of MSCs obtained
from old or young C57BL mice were placed in separate bioreactor tubes and grown at standard culture conditions. After 7 d the bioreactor
tubes were placed separately in plates containing HUVECs in media without any supplement. Tubule formation (TF) was assessed after 18 h.
b For the rejuvenation experiments, two separate bioreactor tubes were placed in the same well for 7 d. Pairings included old MSCs grown
with separate old MSCs (control) and old MSCs grown separately with young MSCs (rejuvenation). After 7 d the bioreactor tubes were
removed and used separately to stimulate HUVEC angiogenesis with TF assessed after 18 h.
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rtPCR confirms more “youthful” expression
To confirm the more youthful expression observed in RNA
sequencing analysis, we performed SybrGreen RT-PCR of 24
transcripts, selected for their association with lysosomal pathways,
angiogenesis, ECM, and metabolism. When normalized to 18S, 20/
24 differentially expressed genes showed expression in rejuve-
nated old MSCs more similar to that of young MSCs than that of
old MSCs (Fig. 8).

DISCUSSION
Older patients stand to benefit greatly from regenerative therapies
for the heart and other organs, although achieving the desired
therapeutic effects with autologous cells may be limited by
variable cell potency. These limitations may also apply to cells
from those with chronic medical conditions such as diabetes and

heart failure, which are also known to negatively affect stem cell
potency10–12,26. Our work described here suggests that donor age
negatively affects MSC paracrine-mediated angiogenesis as
measured by tubule formation in the HUVEC assay: i.e. angiogen-
esis stimulated by PFs from MSCs obtained from old mice was
significantly less than that stimulated by PFs from MSCs obtained
from young mice. In addition to the differences observed in tubule
formation, significant age-related differences in the production of
key pro-angiogenic PFs (VEGF, IGF-1) were observed. These
findings are consistent with prior reports that the therapeutic
potency of stem cells from old animals and humans is inferior to
that of those young animals and humans2,10,12,26. For example, in a
rat model of limb ischemia, delivery of stem cells isolated from
young, as compared to those from old animals resulted in higher
levels of VEGF in the recipient, mobilized a greater number of
endothelial progenitor cells, produced more robust angiogenesis,

Fig. 4 Rejuvenating effect of exposure of old MSCs to young MSCs on HUVEC tubule formation and PF release. a Co-culture of old MSCs
with young MSCs housed in a separate bioreactor tube for 7 d (“Old × Young”; n= 14 in each group) “rejuvenated” the old MSCs. TF
stimulated by the rejuvenated old MSCs was significantly greater than that of unexposed old MSCs and that of old MSCs grown in co-culture
for 7 d with other old MSCs (“Old × Old”; n= 12) and was not significantly different from that of the young MSCs. b The rejuvenated old MSCs
also produced significantly greater amounts of IGF-1 (p < 0.05; Mann–Whitney) and SDF-1 (p < 0.05; Mann–Whitney) than did old MSCs paired
with other old MSCs; there was no significant difference in the release of VEGF (p=NS; Mann–Whitney). For figures: *p < 0.05, **p ≤ 0.01. Error
bars show s.e.m.

Fig. 5 Principal component analysis (PCA) of > 20,000 analyzed genes. PCA of young, old, and rejuvenated old MSCs (6 replicates for each
condition) reveals three distinct gene expression patterns.
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and increased limb perfusion26. Furthermore, results of studies in
immunosuppressed rats post-MI demonstrated that intramyocar-
dial injection of human MSCs from old donors is less effective than

those from young donors as assessed by left ventricular ejection
fraction, fractional shortening, and left ventricular cavity dimen-
sions2. Similarly, bone marrow-derived hematopoietic stem/
progenitor cells (HSCPCs) derived from aged mice show impaired
vascular repair potential compared to those isolated from young
mice, a difference that correlates with lower expression of ACE2 in
the aged HSCPCs27.
In addition, the RNA sequencing analysis performed here

reveals that underlying the significant age difference in
paracrine-mediated angiogenesis are marked differences in mRNA
expression, suggesting age-related dysregulation of lysosomal
pathways and extracellular matrix formation. These results are
important in that they could explain in part the impaired healing
response in aged patients following injury, but also suggest that a
uniform therapeutic effect cannot be expected when autologous
stem cells are used in individuals whose ages differ. One approach
to address these gaps in PF release and underlying transcriptional
differences would be to use only allogeneic cells obtained from
healthy young donors to treat older patients or those patients
whose cells are shown to have reduced therapeutic capacity.
While cells obtained from young healthy donors promise
improved therapeutic potency, there remain questions regarding
the risks of immune reaction and disease transmission, particularly
if repeated doses are required to achieve a sustained desired
effect. Our results suggest an alternative approach. Although
paracrine-mediated angiogenesis by MSCs from old mice was
inferior to that of MSCs obtained from young mice, this difference
was abrogated by indirect co-culture of old MSCs with young
MSCs. By experimental design, in which old and young MSCs were
separated by semi-permeable barriers, the observed rejuvenation
effect was mediated by the soluble PFs released by young MSCs.

Fig. 6 Differentially expressed genes (DEGs) with more “youthful”
expression in rejuvenated old MSCs. Of the 2831 observed DEGs
between the old and the rejuvenated old MSCs, 831 of those in the
rejuvenated MSCs had more “youthful” expression, i.e. expression of
DEGs that was more like that of the young MSCs, than that of the
old MSCs. Gene expression levels are color-coded with blue and red
representing low and high expression levels, respectively.

Fig. 7 KEGG pathway analysis shows more youthful expression of lysosomal pathways in rejuvenated old MSCs. a Over-represented
functional categories based on KEGG pathways of the 831 transcripts associated with a more youthful expression profile (* indicates false
discovery rate FDR < 5%). b Hierarchical clustering of genes of the lysosome/phagosome (upper panel) and ECM–receptor interaction (bottom
panel). Gene expression levels are color-coded with blue and red representing low and high expression levels, respectively. Expression levels
of the rejuvenated old cells cluster with those of the young MSCs rather than those with the old cells. c Results from a functional autophagy
assay comparing old, young, and rejuvenated old MSCs showed significant differences between old and young MSCs (‡p < 0.05; t test) and old
vs rejuvenated old MSCs (*p < 0.05; t test). [a.u.] indicates arbitrary units. Error bars show s.e.m.
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Consistent with the observed improvement in experimental
paracrine-mediated angiogenesis, the “rejuvenated” old MSCs,
released significantly greater amounts of pro-angiogenic PFs as
compared to controls (i.e. old MSCs exposed to other old MSCs).
The increase in release of these PFs was only one manifestation of
the effect elicited by exposure of old MSCs to young, however, as
the numerous differences found on RNA sequencing analysis
between old and rejuvenated old MSCs suggest broad transcrip-
tional changes, the most significant of which were not directly
related to angiogenesis. Functional annotation of the 831
transcripts exhibiting a rejuvenated expression profile (i.e.
expression of transcripts in old MSCs that became more similar
to the expression in young MSCs) revealed strong associations
with genes associated with lysosomal and extracellular matrix
pathways. Typically, aging is associated with dysfunction of
autophagy and lysosomal pathways28, which are known to be
significantly downregulated in MSCs isolated from old compared
to young animals29, and our functional autophagy assay was in
line with these findings. Importantly, in rejuvenated cells,
autophagy was partially restored to levels seen in young cells.
Interestingly, we noticed a discordance between functional
autophagy assay and mRNA levels, but the prominent upregula-
tion of transcripts associated with lysosomal autophagy in aged
cells could represent a compensatory mechanism to improve
lysosomal degradation. This unexpected finding suggests there is
much we do not understand about the rejuvenating effect of our
model and may explain why not all studies of parabiosis and
rejuvenation show a beneficial effect21. Given the mixed
transcriptional effect on lysosomal/autophagy genes in aging
and following rejuvenation, further studies of lysosomal function
are necessary.

Besides reversal of age-associated changes in lysosomal path-
ways/autophagy, our analysis also identified extracellular
matrix–receptor interaction, as a critical pathway involved in the
observed rejuvenation of old MSCs, including dysregulation of
collagen 4 (Col4a1, Col4a2) and integrins (Itga5, Itgb3, Itg5). Prior
studies have shown a close link between ECM remodeling and
autophagosomes. For example, mice deficient in lysosome-
associated membrane protein-2 (Lamp2), a glycoprotein that
plays a critical role in lysosomal biogenesis and maturation of
autophagosomes/phagosomes, showed a reduction in ECM
proteins collagen 4, laminin, and fibronectin30, consistent with
the parallel regulation of ECM and lysosomal pathways observed
in our study. Cell-matrix interactions are mediated primarily by
integrins, which are membrane-spanning receptors capable of cell
or matrix component recognition and are involved in intracellular
signal transduction. Aging is associated with quantitative and
qualitative changes in matrix macromolecules and the integrins
that bind them31. Importantly, there is a close interaction between
beta3 and beta1 integrins and growth factors responsible for the
control of angiogenesis32. Further, age-related impairment of
cross-activation of β3 integrin and paracrine factors in endothelial
progenitor cells was previously shown to decrease angiogenesis33,
similar to the findings we report here.
In summary, our findings thus show there are significant age-

related differences in paracrine-mediated angiogenesis that are
associated with significant differences in lysosomal and extra-
cellular matrix regulatory pathway expression. The observed
differences may explain in part the variable effects reported from
clinical studies using autologous MSCs and other stem cells in
older patients, but also suggest potential strategies to overcome
these limitations. First, autologous cells obtained from older
patients could be grown ex vivo in co-culture with young,

Fig. 8 RT-PCR of selected transcripts confirms more youthful expression of rejuvenated MSCs. rtPCR of selected transcripts identified as
having more youthful expression in RNA sequencing analysis showed broad agreement, with 20/24 factors showing more youthful expression
in rejuvenated MSCs compared to old MSCs when normalized to housekeeping gene 18S. Selected transcripts include those associated with
metabolism, ECM–Receptor interaction, autophagy / lysosome, and angiogenesis. ‡p < 0.05 for old vs. young (t test). *p < 0.05 for old vs.
rejuvenated (t test). Error bars show s.e.m.
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therapeutically-optimal cells for a period of time (e.g. 7 days) prior
to returning these cells to the patient. Importantly, the
“rejuvenating” effect observed following exposure of old MSCs
to young MSCs was indirect and mediated by release of soluble
paracrine factors as opposed to direct cell-cell interaction, as old
and young MSCs were always separated by a semi-permeable
membrane. The results suggest that identification of the
combination of particular PFs responsible for the rejuvenating
effect using metabolomic comparison of media conditioned by
old vs young MSCs could allow for the development of a
“rejuvenation” media designed to improve the therapeutic
efficacy of older stem cells without requiring co-culture with
other cells. Further work is necessary to examine this effect in vivo,
although prior studies support the applicability of these
strategies11,20,34–36.
A second strategy would be to harness the observed transcrip-

tional modifications that accompanied improved angiogenic
performance in rejuvenated old MSCs to identify modifiable
genes that could be targeted to coax cells from older patients
toward a younger expression phenotype37. In particular, the 831
DEGs that exhibited a more “youthful” expression profile in
rejuvenated old MSCs include both upregulated and down-
regulated transcripts linked to several transcription factors that
could be therapeutic targets. Markers of a more “youthful”
expression profile, particularly more youthful expression of
lysosomal pathway/autophagy genes, might also be used to
identify older patients whose cells may not require “rejuvenation”.
Chronologic age alone does not determine relative stem cell
potency, and there may be patients who, despite being of
advanced age, have stem cells with therapeutic quality sufficient
to generate the desired clinical effect10. For example, gene
expression profiling along with assessment of ex vivo PF release
(e.g. VEGF, IGF, SDF1) could be used to assess the expected
therapeutic effect of autologous stem cells and to design criteria
to determine whether cellular rejuvenation would be of benefit.
While such assessment has not been used prospectively to
improve regenerative therapies, results from the PERFECT trial of
CD133+ hematopoietic stem cells in patients undergoing cor-
onary artery bypass surgery did show that pre-operative gene
expression profiling could predict the likelihood of a therapeutic
effect following intramyocardial injection of autologous hemato-
poetic stem cells at the time of open-heart surgery38,39. In
addition, the CardiAMP Heart Failure Trial of autologous bone
marrow mononuclear cells in patients with symptomatic heart
failure due to ischemic cardiomyopathy includes a cell potency
assay that is used to screen study participants and exclude those
whose cells have markers suggestive of reduced therapeutic
efficacy based on prior clinical trials40,41. The results of this multi-
center randomized controlled study will be important to help
determine whether screening therapeutic potency of autologous
cells is of clinical value12.
In summary, the experimental results reported here suggest

that paracrine-mediated angiogenesis by old MSCs is inferior to
that of young MSCs. The observed age-related difference is
associated with significant differences in the release of pro-
angiogenic PFs and marked differences in gene expression,
particularly those related to lysosomal pathways. These differ-
ences are not fixed, however, and exposure of old MSCs to soluble
PFs released by young MSCs in culture significantly improved
paracrine-mediated angiogenesis by “rejuvenated” old MSCs with
significant differences in PF-release and broad underlying
transcriptional modification. These results suggest potential
strategies that could be used to screen and/or “rejuvenate” stem
cells from older patients, to allow for a more predictable effect
when autologous cells are used clinically. It will be important to
understand differences in stem cell therapeutic potency mediated
by age and chronic medical conditions (diabetes, hypertension,
smoking, etc.) in order to optimize stem cell therapy for the

benefit of older patients and others whose regenerative capacities
may be limited, as these patient populations are those who
arguably stand to benefit most from regenerative therapeutic
strategies.

METHODS
Mesenchymal stem cell isolation and expansion
Bone marrow-derived MSCs were isolated from “young” (6 weeks) and
“old” (18–24 months) C57 black male mice using established techni-
ques42,43 under a protocol approved by the Johns Hopkins University
Animal Care and Use Committee. Briefly, immediately following euthana-
sia, whole bone marrow was flushed out from the bilateral tibias and
femurs. After washing by centrifugation at 400 g for 10 min, cells were
plated at 5 × 106 viable cells per ml. The culture was kept in humidified 5%
CO2 incubator at 37 °C for 72 h, when non-adherent cells were removed by
changing the media.

MSC characterization
All MSC preparations were evaluated using flow cytometry with PE or FITC-
conjugated antibodies against murine Sca-1 (1:200; BioLegend 122507),
CD31 (1:200; Fisher Scientific BDB554473), CD34 (1:100; eBioscience 14-
0341-82), CD44 (1:100; BioLegend 103007), CD45 (1:100; BioLegend
103105), and IgG (1:100; BioLegend 400607) performed on BD LSRII
(Becton Dickinson) using DIVA software. At least 10000 events were
collected. FlowJo software was used to analyze and create the histograms.

Ostenogenic and apidogenic differentiation
Assessment for osteogenic and adipogenic differentiation was performed
using established techniques43. Briefly, to induce osteogenic differentia-
tion, old and young MSCs were seeded into 6-well plates at 1.3 × 104 cells/
well. After 24 h the media was replaced with osteogenic differentiation
medium containing Iscove’s medium supplemented with 100 nM dex-
amethasone, 10 mM beta-glycerophosphate, 50 μM ascorbic acid, and 1%
antibiotic/antimycotic. Cells were maintained in induction media with
media changes every 2 days. After 14 days cells fixed in 10% formalin for
15min and calcium deposition was assessed using von Kossa staining.
Calcium deposition was then quantified using a colorimetric calcium assay
(Calcium CPC Liquicolour Kit StanBio, Boerne, TX) according to the
manufacturer’s instructions. To induce adipogenic differentiation, old and
young MSCs were seeded in 6-well plates at 2 × 105 cells/well. When
confluent the media was replaced with adipogenic induction medium
containing DMEM-HG, 10% FBS, 5% rabbit serum, 1uM dexamethasone,
10 μg/mL insulin, 200 μM indomethacin, 500 μM isobutylmethylxanthine
(IBMX), and antibiotic/antimycotic for 3 days followed by exposure to
followed by exposure to adipogenic maintenance medium (DMEM-HG,
10% FBS, insulin 10 µg/ml and P/S) for 3 days. After 3 cycles of induction
and maintenance exposure cells were rinsed with PBS and fixed in 10%
formalin for 10min. The cells were then stained with Oil Red O to assess for
lipid droplets. After imaging Oil Red O extraction was performed using
100% isopropanol. Extract samples were transferred to a 96-well plate and
absorbance readings were taken at 490 nm to quantify extracted Oil Red O.

MSC culture and expansion
Confirmed MSCs were expanded in culture in media prepared by
combining 490ml Medium 200 PRF (Gibco Invitrogen, Carlsbad, CA), a
standard basal medium intended for culture of large vessel human
endothelial cells, with 10ml Low Serum Growth Supplement (LSGS; Gibco
Invitrogen). The final preparation contained 2% fetal bovine serum (FBS),
3 ng/ml basic fibroblast growth factor (bFGF), 10 ng/ml human epidermal
growth factor, 10 μg/ml heparin, and 1 μg/ml hydrocortisone. Cells were
incubated under standard conditions (5% CO2 and 37 °C). Expanded MSCs
at low passage numbers (P2-P5) were used for the experiments. In the
event frozen cells were used, they were thawed and grown for one
passage prior to use in the experiments.

Bioreactor tube preparation
To prevent cell-cell interaction and assess only paracrine-mediated effects
(i.e. those resulting from release of soluble factors), angiogenesis
experiments were performed using bioreactor tubes (BT) constructed with
CellMax semi-permeable polysulfone membrane tubing (Spectrum Labs,
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Rancho Dominguez, CA). These allowed the free diffusion of soluble
proteins and other molecules released by the cells up to a 500 kDa
molecular weight cut-off, but not of the cells themselves. To load BTs,
MSCs were trypsinized and suspended in Medium 200 PRF without LSGS
supplementation (i.e. media devoid of stimulatory growth factors). MSCs
were counted using a Scepter automated cell counter (Millipore, Billerica,
MA), which had been previously standardized for accuracy. The desired
number of MSCs was spun down and resuspended to a total volume of 100
ul that was injected into the BTs using a 0.5 mL syringe. To compare
paracrine-mediated angiogenesis by old and young MSCs, BTs were loaded
with either 105 old or 105 young MSCs. Once cell injection was complete,
the tubes were heat-sealed at both ends and the MSC-loaded tubes, fully
submerged in media, were grown at standard culture conditions (37 °C, 5%
CO2) for 7 days (Fig. 3a).

ELISA assay for paracrine factor release
ELISA assays were performed to measure paracrine factor (PF) production by
the MSCs contained within the BTs grown in culture. Tubes loaded with 2 ×
105 MSCs were submerged in 5mL of alpha-MEM basal medium (Stemcell
Technologies, Tukwila, WA) supplemented with 20% FBS (Gibco Invitrogen,
Carlsbad, CA) in a 6-well plate. At day 7, conditioned media was collected
from each well, spun down for 1min to pellet any debris, and then flash
frozen at −80 °C. Conditioned media samples were assessed for the
concentrations of vascular endothelial growth factor (VEGF), stromal derived
factor-1 (SDF1) and insulin-like growth factor-1 (IGF1) by ELISA (Quantikine,
R&D Systems, Minneapolis, MN) according to the manufacturer’s instructions.

HUVEC assay
BTs were removed at day 7 and placed in separate wells of a 6-well plate
containing human umbilical vein endothelial cells (HUVECs)44. Briefly, 105

HUVECs (Gibco Invitrogen, Carlsbad, CA) suspended in Medium 200PRF
were plated per well in Geltrex (Gibco Invitrogen) coated 6-well plates.
Negative control wells received a bioreactor loaded with un-supplemented
Medium 200PRF only (i.e. no cells). Positive control wells were plated with
105 HUVECs suspended in 1mL of Medium 200PRF supplemented with
LSGS, which is known to induce HUVEC tubule formation. After 18 h at
standard culture conditions (37 °C, 5% CO2), the wells were imaged to
allow quantitative analysis of the resultant HUVEC tubule network. Images
were taken in the center of each well and in all four quadrants at pre-
determined locations (5 pictures total), at 100x magnification. The total
length of the tubule networks captured in the images of each well was
measured using ImageJ software. To allow for comparisons between
experiments, the total length of the tubule network in each well was
normalized to the average length of the tubule network in the negative
control wells, and reported as a normalized ratio.

Conditioning of old MSCs by young MSC PFs
To assess the effect of young MSC-generated PFs on PF-mediated
angiogenesis by old MSCs, BTs were prepared as described above
containing either 105 young or 105 old MSCs. Two BTs were placed
together in a 6-well plate in 5mL MSC media and incubated for 7 days at
standard culture conditions (Fig. 3b) using a BT containing old MSCs paired
with either a separate BT with other old MSCs (control) or a separate BT
with young MSCs. After 7 days the tubes were removed, washed with un-
supplemented Medium 200 PRF, and then used separately in the HUVEC
assay as described above. After the HUVEC assay was complete (18 h) the
BTs were placed in separate wells of 6-well plates and grown in culture for
7 additional days with collection of conditioned media for PF release.

RNA sequencing and RT-PCR of old MSCs and rejuvenated old
MSCs
Replicates of 105 old MSCs were cultured separately, or in co-culture with
young MSCs, for 7 days using a 0.4 µm Transwell system in 6-well plates
(Corning), which allow transfer of soluble paracrine factors released by the
cells, but not of the cells themselves. Following RNA purification, library
preparation, amplification, and Illumina sequencing, the open source
Galaxy pipeline was used for data processing and analyses. After alignment
of raw sequencing reads to the UCSC mm10 genome using HISAT2,
transcript assembly, alignment quantification, count normalization, and
differential expression analyses were conducted with StringTie, feature-
Counts, DESeq2, and Genesis. Quantitative PCR (KAPA SYBR FAST One-Step
qRT-PCR, Wilmington, MA) was used to validate 24 transcripts identified by

RNA sequencing. Target genes were selected based on their presence in
significantly regulated pathways and quantified relative to 18S ribosomal
RNA using the 2−ΔΔCt method45.

Autophagy assay
To validate the results of the RNA sequencing and RT-PCR results, a
functional autophagy assay was performed to assess relative autophagy
between old, young, and rejuvenated old MSCs. Old, young and
rejuvenated cells were cultured (or co-cultured, in the case of rejuvenated
cells) for 7 days in 6-well plates (105 cells per well). On Day 8, cells were
trypsinzed, counted and 104 cells were transferred to each well of a 96-well
black plate with clear bottom and incubated for 6 h. The Autophagy Assay
Kit (Sigma Aldrich, St. Louis, MO) measures autophagy using a proprietary
fluorescent autophagosome marker in a microplate reader (λex= 360;
λem= 520 nm). Three separate experiments were performed in triplicate
each for each condition. To account for possible differences introduced by
counting cells, results for each cell type were normalized based on
absorbance (450 nm) of a Cell Counting Kit-8 (Dojindo Molecular
Technologies, Inc. Rockville, MD).

Statistics
Data are reported as mean ± standard error of the mean (SEM) unless
otherwise indicated. Comparisons between groups for the HUVEC
experiments were performed using the permutation test. For the PF ELISA
data, groups were compared using the Mann–Whitney test. The autophagy
assay and rt-PCR results were assessed using two-tailed t tests. For these
experiments a p-value < 0.05 was deemed significant. In the RNA
sequencing differential expression analysis, a false discovery rate (FDR)
of <0.05 was considered significant.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request. RNA seq data are available on GEO with accession
number GSE205205.

Received: 17 October 2021; Accepted: 30 June 2022;

REFERENCES
1. Spyridopoulos, I. et al. Telomere gap between granulocytes and lymphocytes is a

determinant for hematopoetic progenitor cell impairment in patients with pre-
vious myocardial infarction. Arterioscler. Thromb. Vasc. Biol. 28, 968–974 (2008).

2. Fan, M. et al. The effect of age on the efficacy of human mesenchymal stem cell
transplantation after a myocardial infarction. Rejuvenation Res. 13, 429–438
(2010).

3. Perin, E. C. et al. A randomized study of transendocardial injection of autologous
bone marrow mononuclear cells and cell function analysis in ischemic heart
failure (FOCUS-HF). Am. Heart J. 161, 1078–1087.e1073 (2011).

4. Bhatnagar, A. et al. Bone marrow cell characteristics associated with patient
profile and cardiac performance outcomes in the LateTIME-Cardiovascular Cell
Therapy Research Network (CCTRN) trial. Am. Heart J. 179, 142–150 (2016).

5. Contreras, A. et al. Identification of cardiovascular risk factors associated with
bone marrow cell subsets in patients with STEMI: a biorepository evaluation from
the CCTRN TIME and LateTIME clinical trials. Basic Res. Cardiol. 112, 3 (2017).

6. Tepper, O. M. et al. Human endothelial progenitor cells from type II diabetics
exhibit impaired proliferation, adhesion, and incorporation into vascular struc-
tures. Circulation 106, 2781–2786 (2002).

7. Fadini, G. P. et al. Circulating endothelial progenitor cells are reduced in per-
ipheral vascular complications of type 2 diabetes mellitus. J. Am. Coll. Cardiol. 45,
1449–1457 (2005).

8. Vasa, M. et al. Number and migratory activity of circulating endothelial progenitor
cells inversely correlate with risk factors for coronary artery disease. Circ. Res. 89,
E1–E7 (2001).

9. Westenbrink, B. D. et al. Bone marrow dysfunction in chronic heart failure
patients. Eur. J. Heart Fail 12, 676–684 (2010).

10. Dimmeler, S. & Leri, A. Aging and disease as modifiers of efficacy of cell therapy.
Circ Res. 102, 1319–1330 (2008).

11. Neves, J., Sousa-Victor, P. & Jasper, H. Rejuvenating strategies for stem cell-based
therapies in aging. Cell Stem Cell 20, 161–175 (2017).

G. Hung et al.

8

npj Aging (2022)    10 Published in partnership with the Japanese Society of Anti-Aging Medicine



12. Johnston, P. V., Duckers, H. J., Raval, A. N., Cook, T. D. & Pepine, C. J. Not all stem
cells are created equal. Circ. Res. 123, 944–946 (2018).

13. Chimenti, I. et al. Relative roles of direct regeneration versus paracrine effects of
human cardiosphere-derived cells transplanted into infarcted mice. Circ. Res. 106,
971–980 (2010).

14. Gnecchi, M., Danieli, P., Malpasso, G. & Ciuffreda, M. C. Paracrine mechanisms of
mesenchymal stem cells in tissue repair. Methods Mol. Biol. 1416, 123–146 (2016).

15. Phinney, D. G. & Pittenger, M. F. Concise review: MSC-derived exosomes for cell-
free therapy. Stem Cells 35, 851–858 (2017).

16. Asumda, F. Z. & Chase, P. B. Age-related changes in rat bone-marrow
mesenchymal stem cell plasticity. BMC Cell Biol. 12, 44 (2011).

17. Park, J. S., Park, G. & Hong, H. S. Age affects the paracrine activity and differ-
entiation potential of human adipose‑derived stem cells. Mol. Med. Rep. 23, 160
(2021).

18. Ding, Y. et al. Rap1 deficiency-provoked paracrine dysfunction impairs immu-
nosuppressive potency of mesenchymal stem cells in allograft rejection of heart
transplantation. Cell Death Dis. 9, 386 (2018).

19. Conboy, I. M. et al. Rejuvenation of aged progenitor cells by exposure to a young
systemic environment. Nature 433, 760–764 (2005).

20. Kang, K. et al. Aged human cells rejuvenated by cytokine enhancement of bio-
materials for surgical ventricular restoration. J. Am. Coll Cardiol. 60, 2237–2249
(2012).

21. Ambrosi, T. H. et al. Aged skeletal stem cells generate an inflammatory degen-
erative niche. Nature 597, 256–262 (2021).

22. Aggarwal, S. & Pittenger, M. F. Human mesenchymal stem cells modulate allo-
geneic immune cell responses. Blood 105, 1815–1822 (2005).

23. D’souza, N. et al. Mesenchymal stem/stromal cells as a delivery platform in cell
and gene therapies. BMC Med. 13, 186 (2015).

24. Pittenger, M. F. et al. Mesenchymal stem cell perspective: cell biology to clinical
progress. NPJ Regen. Med. 4, 22 (2019).

25. Naji, A. et al. Biological functions of mesenchymal stem cells and clinical impli-
cations. Cell Mol. Life Sci. 76, 3323–3348 (2019).

26. Zhuo, Y. et al. Aging impairs the angiogenic response to ischemic injury and the
activity of implanted cells: combined consequences for cell therapy in older
recipients. J. Thorac. Cardiovasc. Surg. 139, 1286–1294 (2010). 1294.e1281-1282.

27. Joshi, S., Chittimalli, K., Jahan, J., Vasam, G. & Jarajapu, Y. P. ACE2/ACE imbalance
and impaired vasoreparative functions of stem/progenitor cells in aging. Ger-
oscience 43, 1423–1436 (2021).

28. Shirakabe, A., Ikeda, Y., Sciarretta, S., Zablocki, D. K. & Sadoshima, J. Aging and
autophagy in the heart. Circ. Res. 118, 1563–1576 (2016).

29. Ma, Y. et al. Autophagy controls mesenchymal stem cell properties and senes-
cence during bone aging. Aging Cell 17, e12709 (2018).

30. Notomi, S. et al. Genetic LAMP2 deficiency accelerates the age-associated for-
mation of basal laminar deposits in the retina. Proc. Natl Acad. Sci. USA 116,
23724–23734 (2019).

31. Labat-Robert, J. Cell-matrix interactions, alterations with aging, involvement in
angiogenesis. Pathol. Biol. (Paris) 46, 527–533 (1998).

32. Streuli, C. H. & Akhtar, N. Signal co-operation between integrins and other
receptor systems. Biochem. J. 418, 491–506 (2009).

33. Di, Q. et al. Impaired cross-activation of β3 integrin and VEGFR-2 on endothelial
progenitor cells with aging decreases angiogenesis in response to hypoxia. Int. J.
Cardiol. 168, 2167–2176 (2013).

34. Mahmoudi, S., Xu, L. & Brunet, A. Turning back time with emerging rejuvenation
strategies. Nat. Cell. Biol. 21, 32–43 (2019).

35. Zhang, Y. et al. Adult mesenchymal stem cell ageing interplays with depressed
mitochondrial Ndufs6. Cell Death Dis. 11, 1075 (2020).

36. Li, X. et al. FGF21 mediates mesenchymal stem cell senescence via regulation of
mitochondrial dynamics. Oxid Med Cell Longev 2019, 4915149 (2019).

37. Liang, X. et al. Overexpression of ERBB4 rejuvenates aged mesenchymal stem
cells and enhances angiogenesis via PI3K/AKT and MAPK/ERK pathways. FASEB J.
33, 4559–4570 (2019).

38. Steinhoff, G. et al. Cardiac function improvement and bone marrow response:
outcome analysis of the randomized PERFECT Phase III Clinical Trial of Intra-
myocardial CD133. EBioMedicine 22, 208–224 (2017).

39. Wolfien, M. et al. Hematopoietic stem-cell senescence and myocardial repair—
coronary artery disease genotype/phenotype analysis of post-MI myocardial

regeneration response induced by CABG/CD133+ bone marrow hematopoietic
stem cell treatment in RCT PERFECT Phase 3. EBioMedicine 57, 102862 (2020).

40. Raval, A. N. et al. The CardiAMP Heart Failure trial: a randomized controlled
pivotal trial of high-dose autologous bone marrow mononuclear cells using the
CardiAMP cell therapy system in patients with post-myocardial infarction heart
failure: trial rationale and study design. Am. Heart J. 201, 141–148 (2018).

41. Raval, A. N. et al. Point of care, bone marrow mononuclear cell therapy in
ischemic heart failure patients personalized for cell potency: 12-month feasibility
results from CardiAMP heart failure roll-in cohort. Int. J. Cardiol. 326, 131–138
(2021).

42. Soleimani, M. & Nadri, S. A protocol for isolation and culture of mesenchymal
stem cells from mouse bone marrow. Nat. Protoc. 4, 102–106 (2009).

43. Leszczynska, A. et al. Differentiation of vascular stem cells contributes to ectopic
calcification of atherosclerotic plaque. Stem Cells 34, 913–923 (2016).

44. Donovan, D., Brown, N. J., Bishop, E. T. & Lewis, C. E. Comparison of three in vitro
human ‘angiogenesis’ assays with capillaries formed in vivo. Angiogenesis 4,
113–121 (2001).

45. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods 25, 402–408
(2001).

ACKNOWLEDGEMENTS
This research was supported by The Magic That Matters Fund of the Johns Hopkins
University School of Medicine.

AUTHOR CONTRIBUTIONS
Conception and design of work: G.H., T.A., O.L., C.W.H., G.G., A.S.B., P.V.J.; Acquisition
of Data: G.H., T.A., O.L., W.Y.; Analysis and interpretation of data: G.H., T.A., O.L., W.Y.,
A.S.B., P.V.J.; Drafting of work: G.H., T.A., O.L., W.Y., G.G., A.S.B., P.V.J.; Critical revision:
G.H., O.L., C.W.H., G.G., A.S.B., P.V.J., Final approval of completed manuscript: All,
Accountability for all aspects of work: All

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Peter V.
Johnston.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

G. Hung et al.

9

Published in partnership with the Japanese Society of Anti-Aging Medicine npj Aging (2022)    10 

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Paracrine-mediated rejuvenation of aged mesenchymal stem cells is associated with downregulation of the autophagy-lysosomal pathway
	Introduction
	Results
	MSC characterization and differentiation
	Young MSCs show superior paracrine-mediated angiogenesis compared to old MSCs
	Rejuvenation of old MSCs by exposure to PFs released by young MSCs
	Improved PF release by rejuvenated old MSCs
	RNA sequencing reveals marked differences among young, old, and rejuvenated old MSCs
	Functional annotation
	rtPCR confirms more &#x0201C;youthful&#x0201D; expression

	Discussion
	Methods
	Mesenchymal stem cell isolation and expansion
	MSC characterization
	Ostenogenic and apidogenic differentiation
	MSC culture and expansion
	Bioreactor tube preparation
	ELISA assay for paracrine factor release
	HUVEC assay
	Conditioning of old MSCs by young MSC PFs
	RNA sequencing and RT-PCR of old MSCs and rejuvenated old MSCs
	Autophagy assay
	Statistics

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




