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Abstract: Aging is a major risk factor for cardiovascular disease, the leading cause of death
worldwide, and numerous other diseases, but the mechanisms of these aging-related effects remain
elusive. Chronic changes in the microenvironment and paracrine signaling behaviors have been
implicated, but remain understudied. Here, for the first time, we directly compare extracellular
vesicles obtained from young and aged patients to identify therapeutic or disease-associated
agents, and directly compare vesicles isolated from heart tissue matrix (TEVS) or plasma (PEVS).
While young EVs showed notable overlap of miRNA cargo, aged EVs differed substantially,
indicating differential age-related changes between TEVs and PEVs. TEVs overall were uniquely
enriched in miRNAs which directly or indirectly demonstrate cardioprotective effects, with 45
potential therapeutic agents implicated in our analysis. Both populations also showed increased
predisposition to disease with aging, though through different mechanisms. PEVs were largely
correlated with chronic systemic inflammation, while TEVs were more related to cardiac

homeostasis and local inflammation. From this, 17 protein targets unique to TEVs were implicated

as aging-related changes which likely contribute to the development of cardiovascular disease.


https://doi.org/10.1101/2024.12.06.627231
http://creativecommons.org/licenses/by-nc-nd/4.0/

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.06.627231; this version posted December 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Main Text:
INTRODUCTION

Advanced age is quickly becoming the most prevalent risk factor worldwide for numerous
diseases, including cardiovascular disease (CVD), leading cause of death worldwide?, obesity and
obesity-related diseases?, and many cancers®, and by 2050 the global population aged 65 or older
is expected to double to over 2 billion or nearly 20% of predicted global population®. In some
rapidly aging countries, such as Japan and Italy, 65+ aged individuals already account for over
20% of the population®, with Japan quickly approaching 30%. Recent literature has implicated
long-term changes in the cardiac microenvironment in aging-related CVD pathogenesis®®, and
suggests that these changes can be manipulated to improve patient outcomes. The use of
extracellular matrix (ECM) or ECM-derived materials has seen some success in pre-clinical trials
by leveraging previously established effects of ECM treatment, including
immunomodulation”!% stem cell recruitment”'23 and functional revitalization®'?>14, These
properties enhance the reparative effects of novel biomaterials, commonly being integrated with
hydrogels or other bioscaffolds in treatment of CVDs*1%131516 However, the mechanisms by
which ECM promotes these effects is not well understood, and the drivers of aging-related changes

in the microenvironment are critically understudied.

Extracellular vesicles (EVs) have been recently identified as potential agents of aging-related
changes in the microenvironment®”!# and key mediators of many therapeutic effects observed in
ECM treatment'>*3". However, many of these studies have been largely limited to EVs isolated
from plasma and have been identified as exosomes'®*°. Exosomes are a specific subcategory of
small EV (sEV), or EVs with typical sizes of under 200 nm?%2, that express characteristic surface

protein markers and serve as common vehicles for endocrine, paracrine, and even autocrine
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transport of RNAs and proteins?~23, While more recent efforts have focused on the broader
category of sEVs, due to difficulties in separating exosomes from other sEV subgroups such as
supermeres and exomeres”?*, exosomes have been investigated as “tissue-free” theragnostic
nanoparticles. Stem cell-derived exosomes are being investigated in a clinical trial as vital
components for an “off-the-shelf” cardiac patch that emulates the benefits of direct ECM
incorporation'>?®, and plasma exosomes have provided a wealth of real-time diagnostic

information for patients in both CVDs*>? and cancer diagnosis?’%.

Tissue matrix-derived sEVs provide a unique avenue to evaluate the effects of aging-related
changes in the microenvironment on the progression of CVDs, a topic that has remained elusive
and difficult to address clinically®10131417.29 \While CVD-related mortality is often actuated by the
onset of myocardial infarction (MY, the risk of mortality is predominantly regulated by a
combination of risk factors including previous cardiac event®*22, obesity and metabolic health®°,
and age3#3®, and recent studies have clearly demonstrated correlative effects between age and the

risk of M1 or chronic C\VVD*83537,

Previously, we discovered and characterized cardiac tissue ECM-resident exosome-like sEVs from
donor hearts from young or aged donors, and found that the size, morphology, and miRNA and
protein contents of these sEVs significantly changed with donor age’. Despite a growing body of
literature supporting the use of SEVs as dynamic theragnostic tools in CVD and other diseases®?’,
currently in literature there is no single resource that directly investigates and establishes aging-
related changes in sEV content for tissue-resident sEVs, and any head-to-head comparison of
miRNA and whole protein profiles of tissue-resident or plasma-derived sEVs is similarly absent.
This may be due to the relatively recent discovery of ECM-resident SEVs®, but remains a notable

gap in knowledge.


https://doi.org/10.1101/2024.12.06.627231
http://creativecommons.org/licenses/by-nc-nd/4.0/

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.06.627231; this version posted December 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Herein we, for the first time in literature, characterize differences in size profile, surface protein
distribution, and uptake mechanics of sEVs derived from cardiac tissue ECM, or tissue SEVS
(TEVs), and SEVs derived from plasma, or plasma sEVs (PEVs). We also establish previously
unreported differential aging-related changes in these metrics between TEVs and PEVs by
assessing both populations of EVs from young (<40 y.0., n = 6 for tissue & plasma) and aged (>50
y.0., n = 6 for tissue & plasma) donors. After this, we provide a whole miRNA profile for TEVs
and PEVs from young and aged donors, a dataset currently absent in literature, and identify targets
and pathways of interest for CVVD within our dataset. Following this, we do the same for a whole
protein profile, again from TEVs and PEVs from both young and aged donors for the first time in
literature. From these analyses, we can successfully bifurcate the cargo profiles of TEVs and PEVs,
with PEVs tending to be largely correlated with systemic immune response and cardiac TEVS
tending to be related to cardiac homeostasis and CVD, as expected. TEVs were also uniquely
enriched in cardioprotective miRNAs involved in the regulation and prevention of fibrosis and
anoxia-related cell death. Most interestingly, aged-source EVs in both populations tended to
exhibit higher enrichment of cargo involved in disease-associated pathways than young-source
EVs not through nucleic acid cargo, but through chauffeured proteins. While the specific pathways
involved were different, with aged PEVs mostly trafficking proteins related to increases in chronic
systemic inflammation and neurological diseases and aged TEVs transporting proteins relating to
increased risk of heart failure, increased local inflammation, and overall metabolic shift, both
populations suggested that EVs can propagate aging-related damage-inducing proteins. From these
cargo analyses, we identified 45 miRNA targets which provide cardioprotective effects and 17

proteins which are implicated in the development of CVDs.
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94  With these data we achieve several goals. First, we provide a resource for future studies
95 investigating aging-related changes in tissue-resident SEVS, a recently discovered source of EVs
96 that are currently poorly understood but provide exciting avenues for understanding and
97  manipulating disease-related intra-tissue signaling. Second, we contrast both these tissue-resident
98 EVs and classical plasma EVs as well as directly assess aged and young cargo from both
99  populations to identify aging-related changed in EV content and signaling, a sorely understudied
100  topic in EV research. Lastly, from the EV cargo we have identified both therapeutic miRNAs and
101  damage-associated protein cargo to direct future target-based studies and drug development for
102  notoriously difficult to target diseases, such as cardiac fibrosis. The dissemination of these data
103 will help promote more in-depth study of sEVs as both diagnostic and therapeutic vehicles to
104  investigate the effects of chronic changes to tissues, such as aging, and provide a useful tool for

105 the future investigation of comprehensive comparison of SEV populations.

106 RESULTS

107  Characteristics of sEV size profile change depending on biological source: Transmission
108  electron microscopy (TEM) of sEVs isolated from tissue (TEVS) or plasma (PEVs) of young (<40
109  y.0., n = 6 for tissue & plasma, Supplemental Table S1) and aged (>50 y.o., n = 6 for tissue &
110  plasma, Supplemental Table S1) donors showed that all particles were similar in overall
111 morphology and staining characteristics (Figure 1A). SEV size profile was validated via
112 Nanoparticle Tracking Analysis (NTA), and the resultant statistics showed that size was mostly
113  consistent between young and aged samples in PEVs (young mode: 129.5 nm; aged mode: 159.5
114 nm) but not TEVs (young mode: 128.5 nm; aged mode: 49.5 nm) (Figure 1B). Furthermore, TEVS

115  were predominantly smaller than PEVs overall, although all sEVs fell within the expected size
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116  range for exosome-like sEVs. All populations were found to be monodisperse, though young

117  tissue-source TEVs had a notably larger PDI than any other cohort (Supplemental Table S2).

118  Different tissue source sEVs demonstrate differential responses to aging effects: Western blot
119  was performed to identify characteristic exosome markers CD9, CD63, and TSG101 on the SEVs
120  isolated, with each protein showing up clearly (Figure 1C). The measured quantity of each protein
121 was also assessed from the blot using ImageJ for standardized blot quantification, and the results
122 were Z-scored for comparison (Figure 1D). These show that changes in expression of these
123 particular exosomal surface proteins behave inversely with respect to age between TEVs and
124  PEVs, with PEVs showing a 0.5-fold to 1-fold decrease in expression of CD9 and CD63 between
125  the young and aged cohorts and TEVs showing a greater than 1-fold increase in expression across
126 that same comparison (Figure 1E). CD63 expression remained mostly consistent with CD9
127  expression in both populations with respect to age, though the change in expression was opposite
128  between TEVs and PEVs, but TSG101 availability was increased with age only in TEVs while
129  remaining consistent in PEVs, although it should be noted that these differences were not
130  significant with the metrics used. Taken with the above results, this suggests a shift in the
131  tetraspanin web and targeting abilities®®#! that substantially differs between the TEVs and PEVs

132 for the proteins assessed.
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Figure 1. Tissue resident sEVs display substantive differences from those isolated from
plasma in size profile, surface protein expression, and behavior. Measurements were taken
from n = 6 biological replicates per cohort, equally spread between male and female donors. (A)
Transmission electron microscopy representative images for each cohort. (B) Nanoparticle
tracking analysis differentiating young (gold) or aged (blue) source tissue SEVs (left) or plasma
SEVs (right). The overall expression of exosomal surface proteins was measured by western blot
(C) and compared (D) and the change in expression between groups was compared with respect to
tetraspanin (E). (F) Uptake rate of TEVs or PEVs from young donors (n >= 3 for each) on human
or mouse fibroblasts in 2D culture (n >= 3 replicates for each) over 24 hours, presented as change
in uptake rate per hour between timepoints taken + standard error. (G) Endpoint uptake rate of
TEVs or PEVs on human or mouse fibroblasts, bars represent mean of biological replicates +
standard deviation and points represent mean of replicates for each biological replicate. * p < 0.05,
**p < 0.01, assessed by T-test with Welsch’s correction for (E) and (G).
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148  Uptake kinetics of SEVs varies between tissue source and destination tissue: Uptake kinetics of
149  sEVs with typical or atypical cell culture populations was also assessed (Figure 1F). When applied
150  to murine cells, both PEVs and TEVs maintained steady uptake by cells over 24 h, resulting in a
151 nearly flat line (right). When applied to human cardiac cells, however, PEVs showed a slight
152  increase in uptake over time whereas TEVs showed exponential increase in uptake rate over 24 h,
153  reaching several-fold higher uptake rates and uptake overall than PEVs (Figure 1G). Additional
154  assays with young vs aged cells (artificially aged iCFs or aged mice) showed that the age of the
155  cell had no significant effect on either the uptake rate of EVs or the size of the EVs produced

156  (Supplemental Figure S1), an unexpected result.

157  Profiling of miRNA content: miRNA profiling via Nanostring analysis revealed highly distinct
158  miRNA profiles between PEVs and TEVs (Figure 2A), with sources tending to cluster together
159  both when compiled and in individual replicates (Supplemental Figure S2). While sEVs from
160  young donors of both sources showed some notable overlap, the miRNA profiles of SEVs from
161  aged donors were almost completely distinct, with less than 100 miRNAs in common. Relative
162  expression values for all 798 detected miRNA expressed in these samples is provided in the
163  supplement (Supplemental Table S3). Prevalence of miRNAs in all sEVs was mostly normally
164  distributed (Figure 2B), though both PEV populations had a notable number of very highly
165  expressed (detected count >30 in chip) miRNAs. In general, sEVs from young donors tended to
166  express a larger number of miRNAs overall but at lower counts, while sEVs from aged donors
167  tended to express fewer miRNAs but at higher concentrations, consistent with previous findings’.
168  Unsupervised analysis of the data to identify distinguishing miRNAs between TEVs and PEVs
169  revealed 125 potential targets (Figure 2C). Of these 125 miRNAs, 59 were expressed in TEVs but

170  not PEVs, and 66 were highly expressed in PEVs but not TEVSs (Supplemental Table S4).
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172 Figure 2. Summary of total miRNA profile from tissue or plasma-source sEVS. Measurements
173 were taken from n = 6 biological replicates per cohort, equally spread between male and female
174  donors. (A) Heatmap showing the full miRNA profile for each cohort. Supplementary figures are
175  available for individual replicates (Supplemental Figure S2) and for separation by both age and
176  sex (Supplemental Figure S3) of total miRNA profile. (B) Histogram detailing the overall
177  prevalence and distribution of miRNAs measured for each cohort. (C) Heatmap of the miRNA
178  targets identified via unsupervised analysis that distinguish between TEVs and PEVs. A total of
179 125 miRNAs were identified and were nearly evenly split between TEVs and PEVs, with TEVS
180  overexpressing 59 miRNAs and PEVs claiming 66. A full list of these miRNAs can be found in

181  the supplement (Supplemental Table S4). * p < 0.05.
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182  Mapping of mIiRNA targets implicates TEV signaling in multi-point regulation of
183  cardiovascular health-related pathways: Of the 59 miRNA targets overexpressed in TEVS, 45
184  have been identified as “potentially involved” in CVD according to PubMed and other online
185  databases®®. These 45 miRNAs were pulled out and visualized (Figure 3A), evalutated for potential
186  gene targets and overlap (Figure 3B, C), assessed via gene ontology (Figure 3D), and mapped
187 using MetaCore Pathway Analysis (Figure 3E-H). Likely gene targets were assessed for
188  overlapping targets of miRNAs and contributions of miRNAs to individual gene targets. Analysis
189  revealed 11,366 potential gene targets (Supplemental Table S5), though more than two-thirds were
190 targeted by only a single target miRNA. Of the target miRNAS, miR-519, miR-181, and miR-548
191  contributed to the largest number of gene targets (Supplemental Figure S4). Genes which were
192  targeted by 10 or more target miRNAs were selected for gene ontology analysis, resulting in
193  selection of 167 genes (Supplemental Figure S4, Supplemental Table S6). Within this cohort of
194  genes, MiR-548 and miR-519 remained the top contributors with miR-129 supplanting miR-181,
195  though miR-181 remained a major contributor (Figure 3B). The top 10 targeted genes were also
196 identified (Supplemental Figure S5) along with contributing miRNAs (Figure 3C, Supplemental
197  Figure S5). Of the top 10, the disruption of regular signaling for ZBTB20, CLOCK, TNRC6B,
198 RORA, CREB1, MECP2, MINDY2, TAOK1, and AAK1 was linked to cardiovascular disease*?-
199  °% typically through analogous pathways to chronic CVD or similar chronic fibrosis diseases
200 although many of these genes were also identified targets in neurological disorders and ischemic
201  stroke. Gene ontology analysis of the 167 common gene targets was largely unsurprising, though
202  there was noted involvement in cellular metabolism, macromolecule biosynthesis, and cAMP, co-
203  SMAD, and JNK-kinase activity (Supplemental Figure S6). MetaCore analysis of the 45 miRNA

204  targets revealed four major pathways of interest which were regulated at several points by different


https://doi.org/10.1101/2024.12.06.627231
http://creativecommons.org/licenses/by-nc-nd/4.0/

205
206

207
208
209
210
211
212
213
214
215
216

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.06.627231; this version posted December 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

pd
ov]

miR-889-3p

]
-Logso(p-value)

g

miRE75-Sp
miR-324-3p
mR-1245b-3p

3
]
Contribution to Target Genes (Count)
R

miR-329-3p
miR-494-3p

o
s RIS

mR-2198-2-3p R :‘%’i’ e RIS o

-323a- AR ORI PR R
e g§«§e§§“‘° RS e\§ & & CRFRR
mR-1269b
mR-935
MR-765
miR-483-Sp
mR-330-5p
mR-181c-Sp
mR-507
miR-802
mRES0
MR-154.5p

miRNAs

-Logyq(p-value)

miR-891a-5p
miR-3023-3p
mR-513c-5p

-Log;o(p-value)

miR-1909-3p
mR-31-5p
miR-269-5p
miR-25-Sp
miR-1228-3p
mR-3168

Figure 3. Cardiovascular-disease reulvé"cnélc.lufarget miRNAs and ‘identified"path\-/vays identified

SIS S NI A=\
9 : ¥

from age and sex-related differences in SEV miRNA profile. Measurements were taken from n
=6 biological replicates per cohort, equally spread between male and female donors. (A) Heatmap
showing identified target miRNAs enriched in TEVs relative to PEVs. (B) Analysis of miRNA
contributors to predicted gene targets, showing by number the frequency of miRNAs contributing
to different identified target genes (full gene list available in Supplemental Table S5). (C) Chord
diagram showing overlap of miRNAs and the top 10 enriched predicted gene targets. (D) Gene
ontology analysis of the predicted gene targets of the identified miRNAs showing the top 10
significant pathways identified (full graphs available in Supplemental Figure S6). (E-H) Results
of MetaCore pathway analysis for the identified target miRNA data. * p < 0.05. Identified

pathways were considered for analysis only for p-value < 0.05.
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217  identified miRNAs along the pathway (Figure 3E-H), suggesting deliberate targeting of certain
218  pathways in a highly specific manner. The pathways of interest were the HNF4-a pathway (Figure
219  3E), with downstream regulation that promoted exosome trafficking and inhibited inflammation
220  and apoptotic signaling®®, the Smad3/STAT5 pathway (Figure 3F), with overall inhibition of
221  signaling early in the Ang2 cardiac fibrosis cascade® %2, PPARg pathway/MAPK cascade (Figure
222 3G), with more multi-point regulation of Ang2-mediated fibrosis signaling and downstream targets
223 parallel to the HNF4-a pathway® %, and an SDF-la/systemic stem cell recruitment pathway

224  implicated in pro-regenerative healing from MI%8-"3 (Figure 4H).

225  Profiling of protein content: Protein profiling via mass spectrometry and subsequent analysis
226  revealed that TEVs and PEVs tended to separate into two distinct clusters depending on tissue
227  source (Figure 4A), although this was less consistent when comparing individual biological
228  replicates (Supplemental Figure S4). This may be due to some proteins being entirely absent from
229  detection in many biological replicates. To present a more readily comparable visual, the 93
230 proteins common across all biological replicates for all cohorts were also mapped (Figure 4B,
231 Supplemental Figure S7, Supplemental Table S7). While in the overall population TEVs showed
232 a slightly higher overall protein enrichment, with aged donor TEVs still having higher overall
233 protein enrichment than young donor TEVS, comparison of only the common proteins across all
234 replicates revealed a substantial increase in enrichment in aged donor TEVs compared to all groups
235  while young donor TEVs displayed notably low levels of relative protein enrichment. Further
236  subdivision of cohorts by sex in addition to age additionally reveals that this is not a sex-dependent
237  shift, though the overall protein enrichment may be sex-dependent (Supplemental Figure S8). This
238 is consistent with our previous findings on relative protein content between aged and young donor

239  TEVs'. Visualization of the overall protein population in terms of prevalence or absence of
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240  proteins by number also revealed that many proteins were enriched inconsistently between
241  biological replicates (Figure 4C), with less than 500 (< 20% of all identified proteins via mass
242  spec) were universally present in any given cohort, and a similar number was universally absent

243 inevery cohort.

244 Aging-correlated shifts in protein profile is similar between TEVs and PEVs: Breakdown of
245  protein enrichment by cohort was recorded via VVenn Diagram (Figure 4D), and reveals that overall
246  both TEVs and PEVs have a similar number of overlapping and distinctive protein cargo. Both
247  populations, however, show similar changes in cargo with respect to age. In both TEVs and PEVs,
248  comparison of young donor SEV unique protein contents with that of aged donor SEV content
249 reveals a nearly 3-fold increase in unique proteins consistently expressed in all biological

250 replicates. Aged donor TEVs have a higher number of unique proteins compared to TEVS.

251 Gene ontology reveals functional differences in protein content between TEVs and PEVs: The
252 proteins enriched in TEVs or PEVs were also assessed via gene ontology analysis (Figure 4E, F).
253 Both TEV and PEV proteins were closely associated with extracellular vesicles and the
254  extracellular space, as expected, however the associated biological processes predicted were
255  notably different. TEVs were identified with muscular development and function (Figure 4E) as
256 well as a number of pathways corresponding to specifically cardiac development and homeostasis
257  and redox pathways (Supplemental Figure S9). PEV proteins, alternatively, corresponded more to
258 acute inflammatory response and related pathways (Figure 4F), and was associated with IgG and
259  other immunoglobulins and components (Supplemental Figure S9). Interestingly, the gene
260 ontology analysis returned no significant results for molecular functions pertaining to PEV

261  proteins.

262
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263
264  Figure 4. Summary of total internal protein profile of differing age and sex cohorts from

265  tissue or plasma-source sEVs. Measurements were taken from n = 6 biological replicates per
266  cohort, equally spread between male and female donors. (A) Heatmap showing all 2547 proteins
267  detected via mass spec that were measured for each cohort. (B) Heatmap showing the relative
268  expression of the 93 proteins that were expressed in every biological replicate across all cohorts
269  (Supplemental Table S7). Supplementary figures are available for individual replicates
270  (Supplemental Figure S4) and for separation by both age and sex (Supplemental Figure S5) of both
271 protein profiles. (C) Stacked bar plot showing the expression profile of all 2547 detected proteins
272 for individual cohorts, separating between proteins that are absent in all biological replicates (red,
273 top), present in all biological replicates (green, bottom), or neither (grey, middle). (D) Venn
274  diagrams showing overlap of “present” proteins across cohorts, comparing between TEVs and
275  PEVs overall (top left), only aged donor TEVs and PEVs (top right), young and aged donor TEVs
276 (bottom left), and young and aged PEVs (bottom right). In comparisons where one side shows
277  >33% greater quantity of proteins, the number of proteins was underlined. Gene ontology analysis
278  was also performed for proteins isolated from TEVs (E) or PEVs (F) with the top 10 significant
279  pathways identified (full graphs available in Supplemental Figure S9). * p < 0.05.
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280  Tissue-resident sEVs showcase greater involvement in metabolism and homeostasis than
281  plasma sEVs: Proteomap profiles (Figure 5A) were generated from the unique proteins identified
282  for both TEVs (106 proteins) and PEVs (132 proteins) (Supplemental Table S8), as well as for
283  aged donor TEVs (274 proteins) and PEVs (202 proteins) (Supplemental Table S9). Interestingly,
284 overall TEV pathways were balanced between metabolism, cardiac muscle activity, and
285 environmental signal transduction, whereas overall PEV pathways were dominated by
286  immunoregulation and exosome handling. Overall TEVs also uniquely called a pathway for
287  degenerative diseases (black, far left, top left proteomap). Aged donor SEV protein pathways,
288  however, were fairly different. Aged donor TEVs showed less overall involvement in cardiac
289  muscle activity and greater involvement in environmental signaling and metabolism. Aged donor
290 TEVs, compared to overall, also became newly involved in immunoregulatory signaling as well
291 as developing pathways associated specifically with cancer development, hypertrophic
292  cardiomyopathy, and arrythmogenic right ventricular cardiomyopathy, as opposed to the
293  previously observed degenerative diseases. Aged donor PEVs on the other hand became solely
294  dominated by immunoregulatory signaling, excluding exosome handling almost entirely, and
295  developing involvement in pathways associated with Alzheimer’s Disease. Potential individual
296  protein targets were also identified from the unique proteins from TEVs and PEVs via supervised
297 analysis (Figure 5B). These 17 proteins, while not necessarily directly implicated in major
298  pathways, are common biomarkers for identification of disease state or other pathology and may

299 allow for more rapid detection of critical marker quantification in clinical scenarios.

300 Tissue-resident sEVs from older hearts are directly implicated in CVDs, but not plasma sEVs
301  from older patients: The unique proteins from TEVs and PEVs were mapped via MetaCore

302 pathway analysis, and the resulting pathways provided further insight into the downstream
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303 activities of TEVs (Figure 5C, D) and PEVs (Figure 5E). TEV proteins mediated NFkB/Interleukin
304 signaling downstream of c-Jun and TRAF6 (Figure 5C), activities highly involved in cardiac
305  immunoregulation and matrix homeostasis’*"8, as well as directly interfacing with PI3k-1a,
306 mTOR, and Laminin response (Figure 5D), which together can be implicated in response to cardiac
307 fibrosis or other cardiac matrix remodeling”®°. Additionally, dysregulation of PI3k-1a and mTOR
308  viathe complex “PI3K/mTOR signaling pathway” network has been directly implicated in aging-
309 related CVD onset and other aging-related pathologies, and the targeted inhibition of this pathway
310 hasreversed aging-related risk of post-MI cardiac fibrosis and pathological signaling post-cardiac
311 insult®®®”, PEVs also interacted with the surrounding matrix through integrin mediation (Figure
312 5E) but displayed more focus on modulating interactions with white blood cells via Igg
313  manipulation, which may indicate a role in chronic inflammation in chronic CVD and heart

314  failure®-°,
315

316
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Figure 5. Cardiovascular-disease related target proteins and identified pathways identified
from age-related differences in SEV protein contents. Measurements were taken from n = 6
biological replicates per cohort, equally spread between male and female donors. Red: cellular
processes; Yellow: metabolism; Pink: organismal systems; Blue: genetic information processing;
Teal: environmental information processing; Purple: immune system; Black: human diseases. (A)
Proteomaps showing the KEGG pathways affected by the unique protein profiles of TEVs and
PEVs overall, as well as for only aged donor TEVs and PEVs. (B) Heatmap showing the 17
proteins of interest identified by supervised analysis of unique proteins for TEVs and PEVs. (C-
E) Results of MetaCore pathway analysis for the unique protein profiles of TEVs (C, D) or PEVs
(E). * p < 0.05. Identified pathways were considered for analysis only for p-value < 0.05.
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328 DISCUSSION

329 In this study, we isolated and characterized small extracellular vesicles (SEVs) isolated from
330 patient blood plasma samples and from donor heart tissue samples. All SEV samples were taken
331 from an equal number of men (n = 6 for tissue & plasma) and women (n = 6 for tissue and plasma)
332  to minimize the impact of sex variance, and were bifurcated between aged (>50 y.o., n = 6 for
333  tissue & plasma) and young (<40 y.0., n = 6 for tissue & plasma) for analysis (Supplemental Table
334  S1). Both the plasma sEVs (PEVs) and tissue SEVs (TEVs) were observed under transmission
335 electron microscopy (TEM) and population size distribution was assayed via nanoparticle tracking
336 analysis (NTA), with mean and mode population sizes being consistent between both assays.
337 Interestingly, the mode size of the sEV population differed with age in TEVS, but not PEVS,
338  suggesting at least some degree of differential function with respect to aging between each
339  category of EV. Surface protein composition was also assessed between aged and young PEVs
340 and TEVs using western blot for classical exosome markers CD9, CD63, and TSG1012%. While
341  overall measured expression of these proteins increased with age in TEVs and decreased with age
342  in PEVs, the relative expression of these proteins did not significantly change in either group,
343  suggesting that the quantity, but not overall composition, of tetraspanin web targeting proteins
344  changes with age, and that these changes are different in PEVs and TEVs. Finally, the miRNA and
345  protein content of young and aged PEVs and TEVs were assayed. The miRNA content was
346 measured using Nanostring technology, providing a full profile of human miRNAs, and
347  unsupervised analysis was performed to identify distinguishing miRNAs between PEVs and TEVs
348  which were independent of age. The TEV-specific age-independent miRNAs were further
349  analyzed in MetaCore pathway analysis to provide a preliminary overview of processes uniquely

350 modulated by TEVs. The protein content of all cohorts was similarly assessed using mass
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351  spectrometry, revealing 2547 proteins with varying expression levels across all biological
352  replicates. Analysis of the dataset revealed 93 proteins consistently expressed in all biological
353  replicates of all cohorts, with aged sEVs tending to have more commonly expressed proteins than
354 young SEVs and TEVs tending to have more commonly expressed proteins than PEVs. Unique
355  cohort proteins were also identified, and assessed for downstream function using KEGG

356  proteomapping software and MetaCore pathway analysis.

357  The size discrepancy in age-related size changes between TEVs and PEVs (Figure 1A, B) is an
358 interesting result due to the known consistency of size distribution in EV populations®* and our
359  previous study showing that these size differences are also not sex-dependent’. We first evaluated
360  whether or not this discrepancy was due to different cell ages in the heart, as the difference due to
361  cell age could have been mitigated in PEVs by the large number of organs which contribute to the
362 PEV population. We evaluated this for both artificially aged iCFs (high passage cells at high
363  confluency) and mCFs from aged mice (72 weeks), but found that neither population showed
364 significantly different EV sizes produced compared to the young cells (Supplemental Figure S1).
365 In previous studies, we have shown that the stiffness of the surrounding matrix can significantly
366  alter the behavior of cells!®3, so an alternative cause may be differences in the matrix stiffness
367  between young and aged hearts. This discrepancy will be further evaluated in future works to

368 identify the precise relationship, if any, between matrix stiffness and produced EV size.

369  The uptake rate of EVs was also assessed for both populations and revealed novel interactions of
370 TEVs and PEVs with tissue specificity, though only young PEVs and TEVs were used for this
371 assay due to the substantially smaller size of aged TEVs compared to all other cohorts, which we
372 have previously shown increases the uptake rate by cells’. To assess the specificity of TEVs and

373  PEVs, uptake was assays for both populations for human and non-human (mouse) CFs.
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374  Interestingly, the uptake rate for both PEV groups and the non-human uptake of the TEVs was
375  essentially the same at all timepoints measured (Figure 1F) but the uptake of TEVs on human CFs
376  was significantly higher (Figure 1G) and in fact was increasing exponentially by the endpoint
377  (Figure 1F). This suggests some level of specificity of the TEVs that is not present in the PEVs
378  which may distinguish how EVs are selected to be exported to the plasma or to the surrounding
379  ECM. The consistency of tetraspanin expression in TEV populations (Figure 1E) may be a partial
380 contributor to this, as the tetraspanin web has been implicated in EV organ targeting
381  systemically®**!, with several key, unidentified tetraspanins that are unique to TEVs contributing
382  to the uniqueness of this specificity. Additionally, the exponential increase in rate of uptake of
383 TEVs by human cells suggests that human cells taking up TEVs undergo some change which
384 facilitates further TEV uptake. This has not yet been reported in literature and may be a key aspect
385  of how TEVs provide therapeutic effects in young hearts, as an exponential increase in the uptake
386  of therapeutic compounds over a short period of time would actively counteract increased
387 inflammation and damage-associated effects common in the aftereffects of cardiac insult. These
388  results demand further study, and will be more fully evaluated in future works specifically
389  assessing the dynamics between uptake rate of natural or engineered EVs for the time-sensitive

390 delivery of therapeutic agents.

391  The differential miRNA cargo of TEVs and PEVs provides an interesting avenue for the
392 identification of therapeutic agents, as we have previously established that TEVs, but not PEVSs,
393 can promote anti-fibrotic effects in heart cells post-insult’. In light of this, the overlap in miRNA
394  expression in the young PEVs and TEVs presents an interesting conundrum, although this is
395 resolved by the nearly bifurcated miRNA expression in the aged EV populations (Figure 2A),

396  suggesting that miRNA cargo substantially diverges between TEVs and PEVs with age. Despite
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397 this, it was possible to completely distinguish between TEVs and PEVs as a whole via 125
398 identified miRNAs selected by untargeted analysis of the entire miRNA profile for all cohorts
399  (Figure 2B), providing further evidence that TEVs and PEVs are specialized for different
400 functions. Of the 125 differentiating miRNAs, 59 were enriched in TEVs and 66 were enriched in
401  PEVs, providing ample targets for further analysis of the specific function of each population. To
402  better understand the unique cardiac-related function of the TEVs, we manually assessed the 59
403  TEV-enriched miRNAs for potential involvement in any CVD or CVD-related pathways via
404  public databases and identified 45 targets for downstream analysis. MetaCore pathway analysis of
405 the 45 revealed several pathways which were consistently regulated by several of the target
406  miRNAs (Figure 3). These combined effects served to inhibit targets in the HNF4-a pathway,
407  Smad3/STATS5 pathway, and PPARY pathway, and promote a therapeutic SDF-1a. pathway. These
408  results imply several exciting possibilities. First, we have previously hypothesized the cooperative
409 effects of TEV miRNAs in promoting cardioprotective effects via synergistic inhibition of CVD-
410  associated pathways’, but were only able to demonstrate this with 4 identified target miRNAs. The
411  combined regulation of 3 damage associated pathways at multiple points by 45 target miRNAs
412  provides a plethora of additional targets to evaluate in order to generate a TEV-mimetic cocktail
413  of beneficial mMiRNAs for therapeutic applications. The use of a large number of miRNAs which
414  endogenously cooperate to act on a small number of pathways would be able to provide much
415  greater effect specificity than existing single-target drugs and previously proposed single-miRNA
416  therapeutics. Additionally, these miRNAs together not only inhibit damage-associated effects but
417  also promote reparative signaling. The SDF-1a is a known cardioprotective pathway which is

418  difficult to activate without off-target effects. While the utility of these specific miRNAs require
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419 additional study to determine efficacy and viability, this is an exciting first step in the development

420  of highly specific therapeutics using endogenous agents.

421  The protein cargo of both EV populations also provided exciting results. While comparison of all
422  identified proteins separated PEVs and TEVs, this result was not consistent across all biological
423  replicates (Figure 4A, Supplemental Figure S4). This was likely due to the inconsistency of protein
424  expression across biological replicates (Figure 3C), with >60% of proteins being expressed in
425  some, but not all, biological replicates of a given cohort. To be consistent in our analysis, we
426  focused on proteins which were either expressed consistently in all cohorts (Figure 3B), or were
427  uniquely expressed in a single cohort (Figure 4A), although cohort-unique targets were still
428  expressed in all biological replicates of a given cohort. Of the proteins consistently expressed in
429 all cohorts, aged EVs tended to express more proteins overall for both TEVs and PEVs (Figure
430 4B, C), which is consistent with our previous hypothesis’. This suggests that overall proteins
431 included in both systemic and tissue-resident increases with increasing age, which is consistent
432 with the expected effects of inflammaging. Inflammaging has been identified as a potential cause
433  of many aging-related pathologies, but is poorly defined and not well understood. The evaluation
434  of EVs as part of aging-related increases in inflammation may provide a novel avenue for increased

435 understanding of inflammaging and the development of intervention strategies.

436 Analysis of the proteins uniquely expressed in TEVs or PEVs via gene ontology and KEGG
437  proteomapping revealed highly different functions of each population. PEVs were largely involved
438 in immune system regulation (Figure 4F, Figure 5A), while TEVs were involved in a host of
439  metabolic and regulatory functions in the heart (Figure 4E, Figure 5A, Supplemental Figure S9).
440 Interestingly, only TEVs were involved in disease progression (Figure 5A). To evaluate the aging-

441  related changes in protein expression, the proteins unique to aged TEVs and PEVs were also
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442  mapped (Figure 5A). Again, PEVs were largely involved with the immune system, though immune
443  system interactions made up a much larger proportion of involved pathways than PEVs overall,
444  and now showed involvement with the onset of Alzheimer’s Disease pathways, which was an
445  interesting pathway to remain consistent across all biological replicates. TEVs, however, showed
446  much greater involvement in metabolism-related activities, less regulation of cardiac homeostasis,
447  and new involvement in local inflammation and the direct onset of CVDs, differentiating aged
448  TEVs from overall TEVs by direct implication in increased inflammation and disease progression.
449  From the proteins uniquely expressed in TEVs or PEVs overall, 17 proteins of interest were
450 identified which may be involved in the onset and progression of CVD. MetaCore analysis of these
451  proteins revealed mulit-point involvement in three pathways which, while not directly implicated
452 in CVD, are closely linked to the onset of several CVDs. These pathways included
453  NFkB/Interleukin signaling downstream of c-Jun and TRAF6, PI3k-la, mTOR, and Laminin
454  response, which are each critical to regulating cardiac homeostasis and normal function. In
455  particular, PI3k-1a and mTOR together are a regulatory pathway that is increasingly dysregulated
456  with age, leading to increased risk of CVD, fibrosis, and heart failure®®®”, while the dysregulation
457  of Interleukin signaling and Laminin response pathways are closely related to the onset of chronic
458  fibrosis and other pathological cardiac matrix remodeling "®%. This data suggests that these
459  pathways are, in some part, regulated by TEV signaling and that aging-related changes in TEV
460  signaling, such as those we have shown, may disrupt these vital pathways and lead to increased
461  risk of CVD. While more direct evaluation of the roles of TEVs on the regulation of these pathways
462 is essential for understanding the complex relationship of aging-related EV changes and aging-

463  related pathologies, this data provides a first step into understanding these processes.
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464  Overall, this study serves as an in-depth, comprehensive resource for identifying the cargo of SEVs
465 isolated from plasma or cardiac tissue, as well as distinguishing between samples from young or
466  aged individuals. These specific delineations are currently not well documented in literature, and
467 increased assessment and validation of age-related and organ-specific paracrine signaling

468  mechanisms will be essential in the development of next-generation therapeutics.
469 MATERIALS & METHODS

470 Human Heart Tissue Preparation: Donor human heart tissue was prepared according to our
471 previous protocol’. Briefly, the left ventricle from frozen heart tissue was excised of fat and
472  connective tissue and section into sub-300 um slices, which were agitated in an aqueous acetic
473  acid (0.1%, Sigma Aldrich, USA) and ethanol (4%, Sigma Aldrich, USA) solution at 200 rpm at
474  room temperature (RT) for 2 hours. Tissues were then washed in sterile PBS for at least 30 minutes
475  to remove free debris, then re-agitated in solution overnight at RT. Matrices were then vigorously
476  washed in sterile PBS and sterile DI water, lyophilized, pulverized with pre-chilled mortar and
477  pestle, and separated into 200 mg (dry weight) powder aliquots. ECM powder was resuspended in
478 1 mL of aqueous Collagenase Type Il (0.2 mg/mL, Corning, USA), Tris buffer (50 mM, Sigma
479  Aldrich, USA), and CaCl, (5 mM, Amresco, USA) and mixed vigorously. Suspension was reacted

480  overnight at RT with re-mixing every 6 h to prevent settling.

481  Plasma Sample Collection: Whole blood was collected from patients via direct veinous puncture
482 into ethylenediaminetetraacetic acid (EDTA)-treated tubes to prevent coagulation. Following
483  collection, whole blood was centrifuged at 1000g and 4°C for 5 min to separate plasma. Patient
484  plasma was then aliquoted to sterile RNAse-free tubes and shipped from the University of Florida
485  College of Medicine to the University of Notre Dame at -80°C. After arrival, samples were stored

486  at -80°C until use.
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487  Vesicle Extraction and Isolation: For both digested heart tissue ECM and collected plasma
488  samples, the solution was centrifuged three times at 500g for 10 minutes, 25009 for 20 minutes,
489 and 10,000g for 30 minutes. The pellet was discarded after each centrifugation to remove any
490 insoluble contaminants. After the final centrifugation, the collected supernatant was
491 ultracentrifuged at 100,000g for 70 minutes at 4°C using an ultracentrifuge (Optima MAX-XP
492  Tabletop Ultracentrifuge, Beckman Coulter). The resulting pellet from ultracentrifugation was

493  either used immediately or stored dry at -80°C.

494  Transmission Electron Microscopy: Single pellets were fixed via resuspension in 2.5%
495  glutaraldehyde solution for 2 h at RT in the dark. Fixed samples were then loaded onto plasma-
496  cleaned Formvar/carbon-coated copper 200 mesh grids (Polysciences) and negative-stained with
497  Vanadium staining solution (Abcam, ab172780). The resulting grids were imaged at 80 kV with a

498  TEM (JEOL 2011, Japan).

499  Nanoparticle Tracking Analysis: Single pellets were resuspended in 500 pL of sterile, particle-
500 free PBS and measured using a NanoSight NS300 machine (Malvern Panalytical) with NTA
501 software version 3.2.16. Resuspended samples were kept at 4 °C until measurement, and

502 measurements were taken at RT.

503  Western Blot: Single pellets were lysed in RIPA buffer containing 1% proteinase inhibitor cocktail
504 (Brand, Country) at 4°C for 30 minutes and resultant protein concentration was measured via
505  bicinchoninic acid (BCA) assay (Pierce Chemical). Equal amounts of protein for each sample were
506  separated by 12% SDS-PAGE and transferred to blotting membranes. Blotting membranes were
507 incubated on a rocker overnight at 4°C with rabbit polyclonal primary antibodies against CD9
508 (Abcam, ab223052), CD63 (Abcam, ab216130), and TSG101 (Abcam, ab30871) at (1:1000), then

509 for 1 h at RT with HRP-conjugated goat anti-rabbit secondary antibody (Abcam, ab205718).
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510 Stained membranes were then treated with a chemiluminescent substrate (Clarity ECL, Bio-Rad)
511 and imaged using a ChemiDoc-1t2 imager (UVP, Analytik Jena) equipped with VisionWorks

512  software. Images were processed using ImageJ (NIH).

513  Cell Culture: In-house differentiated induced pluripotent stem cell (iPSC)-derived cardiac
514  fibroblasts (iCFs) were generated and cultured according to our previous protocol®, and were
515 seeded on fibronectin (50 puL/mL) -coated 24-well cell culture plates. Mouse primary cardiac
516  fibroblasts were isolated from collected mouse hearts according to our previous protocol’, and
517  were seeded on fibronectin-coated 24-well cell culture plates as with iCFs. Both iCFs and mCFs
518 were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo Fisher, USA),
519  supplemented with fetal bovine serum (FBS, 10%, Gibco, USA), penicillin/streptomycin

520 antibiotics (P/S, 1%, Life Technologies, USA), and SD208 (3 uM, Sigma Aldrich, USA).

521 Cellular Uptake of SEVs: Cellular uptake of SEVs was performed based on our previous protocol’.
522  Briefly, sEV pellets were resuspending in PBS and concentration was assessed via BCA assay and
523  subsequently stained using the ExoGlow-Membrane staining kit (System Biosciences, USA) for
524 30 min at RT. Stained sEVs or a blank control were then purified in a salt gradient column for a
525 final SEV concentration of 25 pg/mL in DMEM, supplemented with exosome-free FBS (10%) and
526 1% P/S. Cells were incubated with the sEV-conditioned media at 37°C and imaged at 0, 3, 8, 16,
527 and 24 h incubation. During imaging the conditioned media was exchanged with sterile, particle-
528 free PBS, and the same media was re-placed in the same wells immediately preceding return to

529 incubation.

530 mIiRNA Isolation: Internal RNAs were isolated from sEVs using the Total Exosome RNA &
531  Protein Isolation Kit (Thermo Fisher Scientific, USA) according to the manufacturer’s protocol.

532  Briefly, single pellets were resuspended in sterile, particle-free PBS and incubated with an equal
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533  volume of provided denaturation buffer 4 °C for 5 min. The solution was then mixed with an equal
534  volume of Acid-Phenol:Chloroform by vortexing for 30 seconds and centrifuged for 5 min at
535  15,000g. The resulting aqueous phase was extracted and combined with 1.25x volume of 100%
536  ethanol, then transferred to the provided spin column. The spin column was centrifuged at 10,000g
537  for 15 seconds to bind and wash the RNA, then the RNA was eluted in 100 pL of the provided
538 elution solution. Eluted RNA was then concentrated using 3 kDa microcentrifuge spin filters
539  (Amicon, USA). 100 uL miRNA solution was worked up to 420 pL with RNAse-free water and
540 placed into a filter, then centrifuged at 14,0009 for 90 minutes. Next, the filter was inverted into a
541  fresh collection tube, and centrifuged at 8,000g for 2 minutes. The resulting 20-25 pL of RNA
542  concentrate was immediately quantified by microvolume spectrophotometery (Nanodrop 2000,

543  Thermo Fisher Scientific, USA).

544  Profiling of Total miRNA Population: Concentrated RNA isolate was prepared for Nanostring
545  miRNA profiling according to the manufacturer’s protocol. Briefly, the provided miRNA codeset
546  was mixed with the provided hybridization buffer to produce a master mix, and spike-in miRNA
547  controls were prepared at 200 pm. In order, the master mix, concentrated sample miRNA, spike-
548 in miRNA, and provided probes were mixed in a PCR plate and incubated at 65 °C for 16 h. The
549  hybridized solution was then mixed with 15 L of provided hybridization buffer, for a total volume
550 of 30-35 pL, and added to the provided microfluidic cartridge. The assay was run with the provided
551  protocol for total miRNA analysis, and data was processed and analyzed using the provided
552  software using the recommended settings. The dataset was then exported for further analysis and

553  target selection.

554 miRNA Gene Target Identification and Gene Ontology: Likely gene targets of miRNAs were

555  predicted by miRDB®!, miRTarBase®, and TargetScan®, and commonly predicted genes were
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556  compiled for further analysis (Supplemental Table S5). In-house software was used to identify
557 unique genes and match miRNAs to the corresponding gene targets to determine overlapping gene
558  targets between miRNAs of interest. Gene targets were selected as genes which were predicted

559  targets for greater than or equal to 10 miRNA targets (Supplemental Table S6).

560 Gene Ontology Analysis (GOA) was performed on the identified gene targets using an online
561 database via PANTHER Gene Ontology classification for enrichment analysis®*®¢. Data was

562  extracted from the output and graphed using R.

563 mIRNA Pathway Analysis: Exported Nanostring data was normalized via Log10 normalization
564 and uploaded to the Clarivate MetaCore system for pathway analysis, then cleaned to remove
565  erroneous MiRNA detection, if any, by the system. Automated network analysis was conducted

566  with 50 nodes per network. Results were presented as pathways obtained from the software.

567 Protein Isolation: Single pellets were lysed in 1% Triton-X solution at 4°C overnight, and
568  resultant protein concentration was measured via bicinchoninic acid (BCA) assay (Pierce
569  Chemical, USA). The resulting protein solution was solubilized in an SDS buffer solution

570  consisting of 5% SDS, 50 nM TEAB (pH 7.55) at room temperature until fully combined.

571  Total Protein Profiling: Total protein profiling was performed via mass spectrometery (Q
572  Exactive HF Mass Spectrometer) according to the manufacturer’s protocol. Briefly, solubilized
573  protein samples were denatured in 20 mM DTT, then alkylated with 40 mM iodoacetamide.
574  Alkylated samples were digested in a provided column with trypsin (1:25 wt:wt) in 50 mM TEAB
575 (pH 8) at 37°C overnight. Digested samples were then desalted via ziptip C18 and dried, then
576  reconstituted in acetonitrile. Mass spectrometry was run with 1 pL of acetonitrile-reconstituted

577  solution for bottom-up proteomics.
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Protein pathway mapping: GOA was performed on enriched proteins using the same protocol as
described above. Data was extracted from the output dataset and graphed using R. Proteomic
interactions of uniquely enriched proteins were classified through KEGG-based proteomapping

software®” and are presented as obtained.

Statistical Analysis: Results were analyzed by one-way analysis of variance (ANOVA) with post-
hoc Tukey’s HSD, two-way ANOVA with post-hoc Tukey’s multiple comparison test, or a two-
tailed Student’s t-test with Welch’s correction for unequal standard deviation. Values are presented
as the mean + standard deviation (SD) unless otherwise indicated, and differences were considered

significant when p < 0.05.

List of Supplementary Materials:
Fig S1to S9

Table S1 to S9
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