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Abstract
Background  Previous research has indicated that extracellular vesicles (EVs) potentially play significant roles in 
multiple ageing phenotypes. This study uses a factorial experimental design to explore the interactions between 
circulating EVs and bone marrow-derived macrophages (BMDMs) isolated from young (7–12 weeks) and aged (70–90 
weeks) mice.

Results  In this study, plasma EVs from young (Y_EV) and aged (O_EV) mice were isolated and compared based 
on abundance, size, and miRNA cargo. Compared to some previous studies, we found relatively few differences in 
EV miRNA cargo between Y_EVs and O_EVs. Young and old EVs were then used to stimulate naïve BMDMs isolated 
from young (Y_BMDM) and aged (O_BMDM) mice. A panel of five “M1” and six “M2” macrophage markers were used 
to assess the degree of polarisation. Our results revealed differences in the immunomodulatory effects of Y_EVs and 
O_EVs in Y_BMDMs and O_BMDMs. Y_EVs induced less pro-inflammatory gene expression, while O_EVs exhibited a 
more varied impact, promoting both pro- and anti-inflammatory markers. However, neither EV population induced a 
clearly defined ‘M1’ or ‘M2’ macrophage phenotype. We also report that EVs elicited responses that differed markedly 
from those induced by whole plasma. Plasma from old mice had strong pro-inflammatory effects on Y_BMDMs, 
increasing Il1b, Nlrp3 and Tnfa. However, O_EVs did not have these effects, supporting current evidence that EVs are 
a separate component of circulating factors during ageing. More research is needed to elucidate specific factors 
involved in inflammageing processes.

Conclusions  Our findings reveal age-related differences in EV cargo and function, with young EVs tending to 
suppress inflammatory markers more effectively than aged EVs. However, this is not straightforward, and EVs often 
promoted both M1 and M2 markers. These results suggest that EVs are a distinct component of circulating factors and 
hold potential for therapeutic strategies aimed at mitigating age-related inflammation and immune dysregulation.
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Introduction
Extracellular vesicles (EVs) are lipid bilayer-bound ves-
icles secreted by cells for intercellular communication 
[1]. EVs carry complex, diverse cargo of proteins, nucleic 
acids (mRNA, miRNA etc.), lipids and metabolites; each 
of which can have multiple effects upon target/recipient 
cells [2, 3]. As such, EVs secreted from organ parenchy-
mal cells, stromal cells, immune cells and circulatory cells 
form complex communication networks. EV cargo (thus 
function) is dynamic and components are selectively 
enriched and secreted based on biological variables [4]. 
Importantly, EV cargo reflects the physiological condi-
tion of the originating tissue, such as age, injury or repair 
[5, 6]. As such, the contents of circulating EVs can be 
used as biomarkers [7]. In this study, we utilise plasma 
EVs from young and aged mice. Use of plasma avoids 
blood coagulation and release of platelet EVs, which con-
tain their own distinct cargo [8, 9]. Thus, plasma best 
represents the natural physiological state of the host [10]. 
Plasma contains circulating EVs released from multiple 
sites, including liver, lung, adipose tissue and kidney, and 
these have been shown to change with age; less EVs origi-
nate from the brain, while more originate from liver of 
older mice [7, 11, 12]. Studies have shown that effects of 
EVs are often attributed to their miRNA cargo, and can 
be direct (i.e. protection of parenchymal cells or stimu-
lation of endothelial cell angiogenesis) or indirect (i.e. 
modulation of immune cells, fibroblasts and the inflam-
matory microenvironment) [13, 14]. 

Immune function and macrophage activity change with 
increased age [15]. Ageing also affects circulating factors 
which in turn affect the function of various organs and 
systems over the lifespan [16]. Several high-profile pub-
lications have demonstrated transferrable therapeutic 
benefits of transfusing young blood into older animals 
[17–19]. For example, Horowitz and colleagues found 
that some cognitive benefits of exercise could be recapit-
ulated by administration of plasma from exercised mice 
to sedentary aged animals, which they attributed to cir-
culating Gpld1 [20]. A recent study showed that young 
plasma reduced the severity of kidney damage following 
ischemia/reperfusion (I/R) injury in old mice, which was 
attributed to anti-inflammatory actions [21]. Similarly, 
parabiosis with young mice reduces inflammation and 
the extent of I/R injury in old mice [22]. Circulating EVs 
from young and old animals have also been explored as 
biomarkers and in different disease models, and have 
been found to reflect higher degrees of senescence with 
ageing [23, 24]. EVs in ageing appear strongly linked to 
inflammation. For example, EVs from old mice adversely 
affect outcomes of stroke when administered to younger 
mice, which was attributed to pro/anti-inflammatory 
functions [25]. Conversely, a recent study showed that 
administering EVs from young mice reversed multiple 

ageing-related pathologies in older mice. This was attrib-
uted to differences in EV miRNA cargo [26]. A study 
of circulating EV miRNAs in aged rats found that age-
related changes could be modulated towards a younger 
phenotype by calorie restriction, again linked to inflam-
matory signalling and EV miRNA cargo [27]. Calorie 
restriction itself has been shown to reduce organ fibro-
sis via modulating miR-21 content of EVs [28]. Lastly, a 
recent study by our own research group found modula-
tion of circulating EV miRNAs in healthy human vol-
unteers after 72  h of water-only fasting, again linked to 
anti-inflammatory effects [29]. Taken together, this shows 
that circulating factors, EVs and their miRNA cargo are 
modulated by age and appear strongly related to inflam-
mation. Macrophages are early responders after tissue 
injury and play key roles in subsequent acute and chronic 
immune responses [30]. Following injury, macrophages 
secrete growth factors and cytokines which steer vascu-
lar permeability, clearance of damaged cells, angiogenesis 
and fibrosis. Following injury, macrophages play various 
immunomodulatory roles depending on their pheno-
type, secreting growth factors and cytokines which alter 
vascular permeability and influence damaged cell clear-
ance, angiogenesis and fibrosis. Macrophages have been 
broadly categorised into M1 and M2 types, where M1 
are classically-activated, produce reactive oxygen spe-
cies, and secrete pro-inflammatory cytokines, whereas 
M2 macrophages participate in tissue remodelling and 
wound healing and express arginase-1. Furthermore, M2 
macrophages can be subdivided into M2a (profibrotic, 
high TGF-B, CCL-17, low Arg1) M2b (immunomodula-
tory, high IL-10, IL-6 IL-1b, TNF-a and CD68 and IRF4), 
and M2c (deactivated, CD206+, IL-10, TGF-B) subtypes 
[31]. 

Importantly, new evidence indicates that EVs adminis-
tered systemically, or directly to injured tissues, are taken 
up by macrophages to a greater extent than by parenchy-
mal cells [3]. Previous studies have also shown that EV 
miRNAs can induce macrophage polarisation towards 
pro- or anti-inflammatory phenotypes [32–34]. Together, 
this suggests that reported benefits of EV transfusions 
may act via immunomodulation of macrophages. It is 
also known that young and old bone marrow cells have 
different immunomodulatory functions [35]. Given the 
volume of evidence implicating miRNAs as the main 
drivers of EV effects, we sought to profile plasma EV 
cargo from young and old mice.

Aims of this study
Taking these factors into account, we aimed to explore 
differential effects of young and old EVs on macrophage 
polarisation using highly controlled in vitro experimental 
systems. First, we sought to compare plasma EV miRNA 
cargo, and naïve BMDMs, isolated from young and old 
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mice. Second, we aimed to carry out a factorial experi-
ment using both young/old EV donors and young/old 
BMDMs to compare age-matched, Y-O and O-Y pairings. 
Given that macrophages play pivotal roles in both initiat-
ing and resolving inflammation, understanding how EVs 
from different age groups influence macrophage function 
has implications for age-related diseases and immune 
dysregulation. The ability of young EVs to reduce inflam-
matory markers supports their potential as candidates 
for novel therapeutic interventions aimed at mitigating 
chronic inflammation and promoting tissue repair in 
elderly patients.

Materials and methods
Animal studies
Bone marrow cells (BMCs) and plasma samples were 
collected from male C57BL/6 mice, purchased from 
National Laboratory Animal Center (NLAC), Taiwan. 
Mice were housed at Taipei Medical University Labora-
tory Animal Center (non-SPF conditions), with a 12/12 
light/dark cycle, ad libitium access to water and a stan-
dard diet. Young mice were 7–12 weeks old and old 
mice were 70–90 weeks old at the time of plasma or 
bone marrow collection. Experiments were carried out 
with approval from TMU institutional animal care and 
use committee (protocol numbers LAC-2021-0256 and 
LAC-2020-0529).

Blood sampling
Blood was obtained from young and old mice by cardiac 
puncture and collected into EDTA-anticoagulated (BD, 
365974) paediatric-sized collection tubes which were 
filled with 300–400  µl blood per tube. Best-practice EV 
isolation guidelines were followed including use of a 21G 
needle and minimal agitation to avoid platelet activation. 
The tube was then centrifuged at 1,000 g, for 10 min at 4 
˚C. Supernatant was transferred to a new tube leaving a 
safety layer above the buffy coat [8]. Plasma was then ali-
quoted into single-use tubes and stored at -80˚C.

Plasma EV isolation and characterisation. EVs were 
isolated by precipitation (System Bio, EXOQ5TM-1) fol-
lowing the manufacturer protocol for plasma prepara-
tion and defibrination. Particle count and diameter was 
determined by nanoparticle tracking analysis (NTA) 
using a Malvern Nanosight NS-300 device. The solu-
tion was diluted to a concentration of ~ 100 particles 
per frame and each sample was measured three times 
for 60  s each. Protein concentration was determined by 
BCA assay (Thermo, 23227) following standard lab pro-
tocols. cryoEM preparation (FEI Vitrobot II) and imaging 
(FEI Tecnai F-20) was performed by technicians at the 
Academia Sinica Cryo-EM Facility, located in Academia 
Sinica, Taipei, Taiwan (ASCEM).

Isolation and differentiation of bone marrow derived 
macrophages (BMDMs). Bone marrow cells (BMCs) 
were isolated by following a published method paper [36]. 
In brief, mouse femurs were removed then flushed with 
DMEM passing through a 100 μm cell strainer to isolate 
BMCs. The solution was centrifuged (200x g, 5 min, 4 ˚C) 
and treated with ammonium-chloride-potassium (ACK) 
lysing buffer to remove erythrocytes. After washing, 
cells were resuspended and cultured in DMEM with 10% 
(v/v) FBS, 1% (v/v) penicillin/streptomycin and 5 ng/ml 
M-CSF1 at 37˚C in 5% CO2. At four days post-isolation, 
an equal volume of culture medium including 10 ng/
ml M-CSF1 was added. This is within the range of other 
studies using 1 to 25ng/ml [36, 37]. BMDMs are typi-
cally analysed at D7 post-isolation [36]. Therefore, at six 
days post-isolation, cells were washed and medium with 
EV-depleted FBS (Thermo, A2720801) was used. This 
was done to minimise interference from bovine protein/
miRNA on subsequent experiments and was carried out 
for all BMDM cultures. We have previously shown that 
this product is aproximately 99.6% depleted in EVs com-
pared to regular FBS [38]. 

Flow cytometry
BMCs/BMDMs were suspended at 5 × 105 cells in 0.5 ml 
DPBS (Gibco, 14190144). Cells were then stained with 
0.5  µl near-IR fluorescent reactive dye (Invitrogen, 
L10119) on ice for 30  min, protected from light. After 
washing with DPBS, the cells were stained with anti-
mouse CD11b (BioLegend, 101217), anti-mouse F4/80 
(BioLegend, 123128), anti-mouse CD11c (BD, 558079), 
and anti-mouse CD206 (BioLegend, 141708) at a concen-
tration of 1:100 in staining buffer on ice for 30 min, pro-
tected from light. Following washing with staining buffer, 
the cells underwent flow cytometry analysis to confirm 
surface antigen expression. Flow cytometry was per-
formed using an Attune NxT Flow Cytometer (Thermo). 
Isotype controls were used to determine gates and single-
stained cells were used to perform compensation.

BMDM polarisation and EV treatment
M1/M2 polarisation was induced using 100 ng/ml lipo-
polysaccharide (LPS) (Sigma, L4391) or 20 ng/ml murine 
recombinant interleukin 4 (IL-4) (Peprotech, 214 − 14) 
for 24  h. EVs were provided at 1.5  µg/µl based on our 
previous study [29]. Precipitation reagent supernatant 
was confirmed not to affect BMDM gene expression. EV 
internalisation into BMDMs was visualised by labelling 
EVs with AlexaFluor-680 using a covalent protein label-
ling kit (Invitrogen, A20172). Free, unbound, dye was 
then removed using the provided columns. Labelled EVs 
were incubated with naïve BMDMs in 35 mm glass petri 
dishes for 30  min at 37˚C, 5% CO2. For imaging, cells 
were washed thoroughly with PBS, counterstained with 
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DAPI, and images were captured using a Zeiss Stellaris 
8 confocal microscope at Taipei Medical University core 
facility, Taipei, Taiwan. BMDMs incubated with unla-
belled EVs were used to set thresholds for non-specific 
fluorescence, which was minimal.

RNA extraction and RT-qPCR
mRNA was extracted from BMDMs using isolation kits 
(Qiagen, 74106 or 74004), reverse transcribed to cDNA 
using Superscript IV (Thermo, 18-091-050) then ampli-
fied using a SYBR green-based master mix (Applied Bio-
systems, 43-687-08) in a StepOnePlus (Thermo Fisher) 
thermocycler for 40 cycles. Primers used are shown in 
Supplemental Table 1. All primers were confirmed to 
lack amplification in the absence of cDNA template. CT 
values of Hnrnpa1 were subtracted from each gene to cal-
culate ΔCT and the mRNA/Hnrnpa1 ratio was calculated 
by 0.5 ^ ΔCT. Log2 fold changes were then calculated for 
the paired comparisons shown in the figures. Exact sta-
tistical comparisons are given in the figure legends.

miRNA extraction and profiling
miRNA was extracted from plasma EV samples from 
three young mice and three old mice using qEV RNA 
extraction kit (IZON, RXT01) which we have previ-
ously validated for miRNA isolation and quantification 
[39]. The lysis buffer was spiked with synthetic miRNAs 
(Qiagen, 339390) to validate downstream extraction 
steps. miRNA polyadenylation and reverse transcrip-
tion was carried out in a StepOnePlus using a miRCURY 
LNA RT kit (Qiagen, 339340) which also adds spike-in 
UniSP6 to validate successful cDNA generation. Sam-
ples were then validated using a specific quality control 
kit (Qiagen, 339391) to confirm proper amplification of 
spike-in miRNAs and housekeeping miRNAs. Following 
this, the full Rat & Mouse Panel I + II V5 array (Qiagen, 
339322, YAMR-312YG-8) was run on a Roche LightCy-
cler 480 in 384-well format. Plate calibration and sample 
normalisation (Normfinder) were performed using the 
GeneGlobe platform (Qiagen). All miRNAs were plot-
ted in scatter diagrams. For volcano plot generation, the 
miRNA expression values were filtered based on Shapiro-
Wilk’s test for normality with p > 0.05, an assumption for 
Welch’s t-test, leaving 290 miRNAs. The fold regulation 
of the 290 miRNAs (as defined in miRCURY) expression 
values for O_EV vs. Y_EV and the corresponding p-val-
ues are shown in the figure. The shapiro.test and t.test R 
functions were used in R-4.3.3. Samples with mean CT 
values of < 35, fold changes ≥ 2.0 in old vs. young EV miR-
NAs, and P values of < 0.05 were considered as significant 
changes. Data were then exported to Graphpad Prism 
10.1 for visualisation. miRNA targets were predicted 
using microRNA Target Filter in ingenuity pathway anal-
ysis (IPA). Results were filtered based on high confidence 

and involvement in macrophage-specific pathways. For 
pathway prediction, miRPathDB V2.0 was used.

Bioinformatics analyses. Hierarchical clustering was 
performed for gene expression levels (mRNA/Hnrnpa1) 
for all experimental conditions except for LPS/IL-4 posi-
tive controls. Following data standardisation with the 
scale_rows R function, the clustergram was generated 
using the Heatmap R function with complete linkage. For 
multiple pairwise comparisons of selected groups, Krus-
kal-Wallis test was used, followed by Dunn’s test with 
Bonferroni correction to identify which pairs of condi-
tions are different (kruskal_test and dunn_test R func-
tions, R version 4.3.2).

Other software and statistical analyses
Raw data were collected in Microsoft Excel and graphs 
were made using Graphpad Prism 10.1 (Mac). Flow 
cytometry data were analysed using FlowJo 10.1. Com-
parisons of specific groups and the exact statistical tests 
used are indicated in figure legends. Each data point on 
graphs refers to a separate sample and all error bars show 
the standard error of the mean unless stated otherwise.

Results
Characterisation of EVs from young and old mice
The overall experimental design of this project is shown 
in Fig. 1a. Mouse plasma EVs from young mice (Y_EVs) 
and old mice (O_EVs) were isolated and first character-
ised by nanoparticle tracking analysis (NTA). The mean 
diameter (Fig. 1b) of Y_EVs (from 6 mice) was 116.6 nm 
and O_EVs (from 7 mice) were 93.0 nm, which was sta-
tistically significant (P = 0.026, unpaired t-test). The mode 
diameter (Fig. 1c) of O_EVs was also smaller on average 
(75.8 vs. 85.5 nm) but this was not statistically significant 
(P = 0.099). We also found that the total particle concen-
tration (Fig.  1d) was lower for O_EVs. These findings 
agree with previously published data of circulating EVs 
from old and young mice [23, 25, 40]. NTA showed single 
peaks at 80–120  nm for both Y_EV and O_EV isolates, 
confirming a typical EV-sized population. To confirm 
that the measured particles were indeed EVs, we used 
cryoEM (Fig.  1e) to inspect the morphology. CryoEM 
showed multiple spherical, ~ 100  nm vesicles with bi-
layered membranes, typical of EVs. Low magnification 
and high magnification images are shown. Though EV 
proteins were not measured in this study, this EV isola-
tion method is well-validated by our group and others, 
and EVs isolated by this method contain CD81, CD9, 
CD63, HSP70, TSG-101 and other EV markers [29, 41, 
42]. The total protein concentration of O_EV isolates was 
significantly (P = 0.038) lower than Y_EVs (Fig.  1f ), cor-
responding to the lower number of particles (Fig.  1d). 
The particle to protein ratio (Fig.  1g) was no different 
between Y_EV and O_EV samples, indicating that the 
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isolations were of similar purity [43]. To confirm this, we 
measured the protein concentration of the original young 
and old mouse plasma, as shown in Fig. 1h. The results 
shows that young and old mice all had plasma protein 
concentrations within a normal range of 59 to 63 µg/µl, 
and were not significantly different (P = 0.67, unpaired 
t-test). Therefore, taken together, these results indicate 
that the reduction in particle count likely reflects a true 
reduction in circulating EV concentration in older mice 
and there was no different in the purity of EVs used in 
subsequent experiments.

Isolation and differentiation of young and old bone 
marrow-derived macrophages
Next, we isolated bone marrow cells (BMCs) from young 
and old mice and differentiated them into bone marrow-
derived macrophages (BMDMs); termed Y_BMDM and 
O_BMDM respectively. A schematic timeline is shown 
in Fig. 2a. Cells were washed and switched into medium 
containing EV-depleted FBS at D6 to mimic the protocol 
of upcoming experiments. First, we validated our BMC 
isolation and BMDM differentiation protocols using 
flow cytometry (n = 3–4 mice per group) to examine 
surface markers of Y_BMCs or O_BMCs (at D1) and Y_
BMDMs or O_BMDMs (at D8). Example histograms for 
CD11b, F4/80, CD11c and CD206 are shown in Fig.  2b 

Fig. 1  Comparison of extracellular vesicles isolated from young and old mouse plasma
(a) Schematic diagram of project experimental design. Y_EV = young mouse plasma extracellular vesicle, O_EV = old mouse plasma extracellular vesicle, 
Y_BMDM = young mouse bone marrow-derived macrophage, O_BMDM = old mouse bone marrow derived-macrophage. The table shows the factorial 
experimental design. (b) Mean diameter of Y_EV and O_EVs, determined by NTA. (c) Mode diameter of Y_EVs and O_EVs, determined by NTA. (d) Total 
particle concentration of Y_EVs and O_EVs, determined by NTA. (e) High magnification and low magnification cryoEM images of Y_EV and O_EV isolates, 
with representative NTA peaks. EVs are indicated by arrows in the low magnification image. (f) Total protein concentrations of Y_EV and O_EV isolates. 
(g) Particle: protein ratio for Y_EV and O_EV isolates. (h) Total protein concentration of young (Y) and old (O) mice plasma. Each data point represents 
EVs isolated from a separate animal. Bar heights represent the mean and error bars show standard error of the mean. Y_EVs were compared to O_EVs by 
unpaired two-way t-test. ns = not significant (P > 0.05), * = P ≤ 0.05, ** = P < 0.001
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and quantified results are shown in Fig.  2c. The results 
showed that freshly isolated Y_BMCs and O_BMCs 
had low F4/80+ (< 10%) and CD206+ (< 1%) popula-
tions, 65–70% positivity for pan-myeloid marker CD11b 

and 25–50% positivity for CD11c. None of the markers 
were statistically significantly different between Y_BMCs 
and O_BMCs. After differentiation to BMDMs, F4/80 
increased to > 75%, CD11b increased to > 80% and CD206 

Fig. 2  Comparison of bone marrow derived macrophages (BMDMs) isolated from young and old mice
(a) Experimental timeline. Bone marrow-derived cells (BMCs) were isolated, differentiated with M-CSF, washed and switched to EV-depleted FBS medium 
at D6, and analysed at D8. (b) Representative flow cytometry histograms of young (Y_) and old (O_) mouse BMCs at D1 and BMDMs at D8. Positive % 
for F4/80 (Y axis) and CD11b (X axis) is shown. N ≥ 3 independent batches were analysed. The grey histogram shows isotype control samples. (c) Flow 
cytometry showing positive population (X axis) for CD206, F4/*), CD11b and CD11c. N = 3 independent batches were analysed. Samples were compared 
by two-way ANOVA. (d) Quantification of macrophage markers by RT-qPCR in naïve Y_ (n = 9) and O_ BMDMs (n = 3) at D8. Expression was normalised to 
Hnrnpa1 and Y_BMDMs and O_BMDMs were compared by one-way ANOVA, with Tukey’s post-test, indicated by *. (e) Example images of Y_/O_BMDMs 
in naïve, IL-4 or LPS-polarised conditions. Data points show samples from separate mice. Bar heights show the mean, error bars show the standard error 
of the mean. * = P ≤ 0.05, ** = P < 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001
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Fig. 3 (See legend on next page.)
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(mature macrophage and also M2 marker) increased to 
> 80% after differentiation. Together, these data indicate 
successful differentiation of BMCs to BMDMs, and there 
were no differences in F4/80, CD206 or CD11b between 
Y_/O_BMCs or Y_/O_BMDMs. However, CD11c, a 
marker of M1-type macrophages, was higher in freshly-
differentiated naïve O_BMDMs (mean 85.5%) than Y_
BMDMs (mean 39.7%, P = 0.0017) [44, 45]. 

Lastly, we compared basal gene expression levels of 
genes in naïve Y_BMDMs and O_BMDMs using RT-
qPCR to detect changes associated with the M1 or M2 
phenotype (Fig.  2d). Hnrnpa1 has been previously 
reported as suitable for normalisation of BMDM gene 
expression [46]. Our preliminary testing also confirmed 
that Hnrnpa1 showed stable expression with an average 
cycle threshold (CT) of 24.1 and coefficient of variation 
(CV%) of 3.6%, whereas Gapdh showed more variability 
(mean CT 26.1, CV% 8.8%) and another candidate Stx5a 
had much lower expression (mean CT 28.5, CV% 4.0%) 
(Supplemental Fig. 1a). Hnrnpa1 CT values did not dif-
fer between Y_BMDMs and O_BMDMs, and were unaf-
fected by LPS, IL-4 or EV treatments (Supplemental 
Fig. 1b). Thus, Hnrnpa1 was used as a baseline for nor-
malisation of all further experiments. In the naïve state, 
O_BMDMs expressed 5-fold higher Nlrp3 (P ≤ 0.001) 
and 24-fold higher Nos2 (P ≤ 0.0001) than Y_BMDMs, 
as shown in Fig. 2d. This suggests that naïve O_BMDMs 
had a slightly higher pro-inflammatory baseline than 
Y_BMDMs, in agreement with higher CD11c+ popula-
tion measured by flow cytometry. All naïve BMDMs 
expressed low amounts of Il6, Tnfa, Arg1, Irf4, Retnla and 
Alox15, indicating that neither were polarised towards 
either an M1 or M2-like phenotype. Images of BMDMs 
before and after polarisation are shown in Fig. 2e. Naïve 
cells and IL-4-stimulated BMDMs were mostly round 
with occasional protrusions, whereas LPS-stimulated 
cells were a highly elongated, spindle shapes with mul-
tiple protrusions, typical of M1 macrophages. Flow 
cytometry for CD206 confirmed successful M2 polarisa-
tion for both Y_BMDMs and O_BMDMs (Supplemental 
Fig. 1c).

Examination of young and old mouse EV miRNA 
cargo
Next, we sought to compare EV miRNA cargo. Previ-
ous studies, using alternative EV isolation and miRNA 
comparison methods, have shown changes in circulat-
ing miRNAs and plasma EV miRNAs in young and old 
mice and rats [23, 26, 27]. In our study, EV miRNA was 
extracted from three mice per group, subjected to qual-
ity control analyses and then analysed using a qPCR-
based rodent-specific panel to specifically detected 752 
known miRNAs, as shown in Fig. 3a. There was no dif-
ference in total miRNA yield between Y_EVs and O_EVs 
(Fig. 3b). Principal component analysis of the entire pro-
file (Fig.  3c) showed moderate clustering of Y_EV and 
O_EV samples. All samples showed stable expression of 
spike-in cel-miR-39-3p, and expected high/medium/low 
expression of UniSP2/4/5, as shown in Fig.  3d. UniSP3, 
used to calibrate across different miRNA qPCR plates, 
was extremely consistent. This indicates successful and 
consistent miRNA isolation, reverse transcription and 
linear amplification of all samples. The results of the 
panel (Fig. 3e) found that 25.7% (193 miRNs) and 19.7% 
(148 miRNAs) of Y_EV and O_EV miRNAs had cycle 
threshold (CT) values below 35. These proportions were 
not significantly different between Y_EVs and O_EVs. 
Looking at the most abundant miRNAs (CT ≤ 30.0) 40 
were found in Y_EVs and 47 were found in O_EVs. The 
most abundant 10 miRNAs in Y_EVs and O_EVs are 
shown in Fig.  3f. Abundant miRNAs in both samples 
were mmu-miR-16-5p, mmu-miR-144-3p, mmu-miR-
21a-5p, mmu-miR-23a-3p, miR-1a-3p and mmu-miR-
3107-5p (also termed miR-486b-5p). These miRNAs are 
commonly detected in plasma EV samples [47–49]. Many 
have also been previously linked to macrophage polari-
sation. miR-16-5p, the most abundant miRNA in O_EVs, 
has been previously shown to decrease M1 marker gene 
expression in RAW264.7 cells [50]. Similarly, miR-144, 
the second most abundant O_EV miRNA, has been 
shown to negatively regulate inflammatory responses 
via suppressing TRAF6 which is known to promote 
the M2 macrophage phenotype [51]. A scatter plot of 
normalised miRNA expression levels (Fig.  3g) showed 
that overall miRNA expression levels were very similar 

(See figure on previous page.)
Fig. 3  Comparison of miRNA cargo isolated from young and old mouse plasma EVs
(a) Schematic diagram showing timeline of miRNA isolation, quality control checks and qPCR-based array. Plasma EVs from three mice per group were 
analysed. (b) Total miRNA yield from Y_EVs and O_EVs. Samples were compared by unpaired t-test. (c) Principal components analysis (PCA) of Y_EV (silver) 
and O_EV (green) miRNA cargo. (d) Cycle threshold (CT) values for spike-in miRNAs UniSP6 (pre-reverse transcription), UniSP2, 4 and 5 representing high, 
medium and low expressed miRNAs, and UniSP3 inter-plate calibration (IPC). cel-miR-39-3p is also included. (e) Percentage of miRNAs with high (CT ≤ 30), 
medium (30-34.9), low (35–40) and absent expression out of 752 assayed miRNAs. No significant differences in populations were detected. (f) The most 
abundant miRNAs in Y_EV and O_EV samples, listed from highest to lowest. (g) Scatter diagram of Y_EV (x axis) vs. O_EV (Y axis) miRNA expression levels 
normalised using NormFinder. A correlation value is shown, and some highly abundant miRNAs are annotated. (h) Volcano plot showing statistical sig-
nificance (Y axis) against fold-change (X axis). The Y axis line represents a P value of 0.05 and X axis lines show fold changes of + 2.0 or -2.0. Significantly 
different miRNAs are annotated. (j) Venn diagram showing overlap of the 50 most abundant miRNAs in Y_EV and O_EV samples. The miRNAs found in 
only one population are annotated. Target prediction of differentially-regulated miRNAs relevant to macrophages
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between Y_EV and O_EV miRNAs, with a high degree of 
correlation (R2 = 0.74). Five miRNAs met our criteria for 
differential expression in O_EVs compared to Y_EVs, as 
shown in the volcano plot (Fig. 3h). The overlap between 
the top 50 most abundant miRNAs in Y_EVs and O_EVs 
are illustrated by Venn diagram (Fig.  3i), again showing 
a high degree of overlap (40/50 miRNAs present in both 
populations). Statistically comparing miRNA expression 
in O_EVs versus Y_EVs we found significant decreases 
in mmu-miR-877-5p, miR-154-5p and rno-miR-351-5p, 
and significant increases in mmu-miR-192-3p and mmu-
miR-700-3p. These differentially expressed miRNAs are 
shown in Table 1.

These five miRNAs were used for microRNA Target 
Filter in IPA to identify potential target genes. Results 
were filtered based on murine-specific high confidence 
or experimental confirmation and involvement in macro-
phage-specific pathways (Fig. 3j). In particular, rno-miR-
351-5p, reduced in O_EVs, has multiple targets related 
to macrophage alternative and classical activation, nitric 
oxide and reactive oxygen species production. miRNAs 
increased with age, miR-1923p and miR-700-3p target 
genes involved in CCR5 signalling and nitric oxide/reac-
tive oxygen species. Out of the top 10 miRNAs, 8 miR-
NAs had targeting information available for old mice and 
for young mice. The microRNA Target Filter results in 
IPA were filtered based on murine-specific high confi-
dence or experimental observation, targeting 749 mRNAs 
for old and 718 mRNAs for young, which were used for 
PANTHER overrepresentation test. Significant pathways 
(FDR < 0.05) are shown in Supplementary Fig. 3. Shared 
pathways included those related to responses to oxida-
tive stress, TGF-beta signaling, FGF signaling, inflamma-
tion, cytokines and chemokines. O_EV miRNA specific 
pathways included those related to Ras, p38, interferon-
gamma and EGF receptor signaling, demonstrating that 
the Y_EV and O_EV miRNA cargos are distinct and have 
different activities.

Interestingly, our EV miRNA profiling results were 
quite different to a previous analysis of old and young 
mouse plasma EVs by Alibhai and colleagues [23]. Their 
study found significant increases in miR-21, miR-145, 
miR-146a, miR-223 and let-7a in EVs from aged mouse 
plasma compared to young mice. In our study, most these 
miRNAs were also detected in plasma EVs, but they were 

not significantly different between young and old mice. A 
summary of miRNAs from other studies compared to our 
own is shown in Supplementary Table 2. The main age-
ing-related miRNA identified in their study, miR-146a, 
trended towards higher expression in O_EVs (1.36-fold) 
but was not significant (P = 0.68) in our data. Alibhai and 
colleagues also found increases in plasma EV miR-22 and 
reductions in plasma EV miR-455, let-7i, miR-200c-3p 
and miR-199b in aged mice. These were not statistically 
significantly different in our experiment.

Responses of young and old BMDMs to known polarising 
stimuli
Next, we compared how Y_BMDMs and O_BMDMs 
responded to known polarising stimuli; using LPS to 
induce pro-inflammatory M1-type polarisation and 
IL-4 to induce M2-type polarisation. A schematic illus-
tration of the experimental design is shown in Fig.  4a. 
In Y_BMDMs, LPS significantly increased Il1b (100-
fold), Nlrp3 (6-fold), Il6 (1,129-fold), Tnfa (55-fold) and 
Nos2 (33-fold) expression, and significantly decreased 
Retnla (-4-fold) and Irf4 (-8-fold) compared to naïve cells 
(Fig. 4b). On the other hand, IL-4 significantly decreased 
Il1b (-5-fold), Tnfa (-4.7-fold) and Nos2 (-4-fold) and 
increased M2 marker Arg1 (71-fold). All of these are 
expected changes following LPS/IL-4 exposure and dem-
onstrate successful BMDM isolation and polarisation. 
O_BMDMs responded to LPS similarly as Y_BMDMs, 
showing large increases of Il1b, Nlrp3, Il6, Tnfa and Nos2, 
as well as reduced Irf4 after LPS stimulation (Fig.  4c). 
O_BMDM M2 markers responded more strongly to 
IL-4 showing statistically significant increases in Arg1 
(294-fold), Retnla (> 350,000-fold), Ccl17 (16-fold) and 
Irf4 (5-fold) expression. Interestingly, Ccl17 was also 
increased by both IL-4 and LPS in O_BMDMs. Directly 
comparing the response of O_BMDMs vs. Y_BMDMs 
to IL-4 (Fig. 4d) and LPS (Fig. 4e), visualised as volcano 
plots, showed that O_BMDMs showed greater increases 
in expression of pro-inflammatory Il1b, Il6 and Nos2 
following LPS stimulation, and higher Retnla after IL-4 
stimulation. In summary, Y_BMDMs and O_BMDMs 
both showed expected changes in gene expression and 
successful polarisation following LPS or IL-4 stimulation; 
but O_BMDMs showed greater magnitudes of change, 
particularly in terms of higher M2 marker expression 
in response to IL-4. Flow cytometry for CD206 was 
also used to confirm macrophage M2 polarisation. The 
CD206+ population was downregulated by LPS and 
upregulated by IL-4 in both Y_BMDMs and O_BMDMs 
compared to naïve cells, as expected (Supplemental 
Fig. 1c). Again, O_BMDMs showed the highest CD206+ 
population after IL-4 treatment. Together, these data 
demonstrate that the BMDMs used in these experiments 
responded normally to standard polarising stimuli.

Table 1  Differentially abundant miRNAs between O_EVs and 
Y_EVs
miRNA ID p-value Fold regulation
mmu-miR-192-3p 0.0171 12.3234418
mmu-miR-877-5p 0.0249 -4.0746232
mmu-miR-154-5p 0.0350 -6.9162979
rno-miR-351-5p 0.0371 -3.8548285
mmu-miR-700-3p 0.0479 2.5256709
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Responses of young and old BMDMs to young and old 
mouse plasma
Next, we examined the effects of young (Y_PL) and old 
(O_PL) whole plasma on naïve macrophages, as shown 
in Fig.  5a. The whole plasma contains carrier proteins, 
lipoproteins, free cytokines, hormones, immune fac-
tors and EVs, although EVs make up only a small per-
centage of the total plasma protein [8]. The results from 
Y_BMDMs (Fig.  5b) clearly showed that O_PL induced 
large increases of M1-associated Il1b, Nlrp3 and Tnfa. 
M2 marker Arg1 was also increased (12-fold), but no 
other M2 markers were significantly changed. Y_PL had 
no significant effects on any M1 markers in Y_BMDMs, 
but similarly increased Arg1 (6-fold). Together, these data 
indicate that O_PL had much stronger pro-inflammatory 
effects on Y_BMDMs than Y_PL. O_BMDMs (Fig.  5c) 
responded very differently to plasma than Y_BMDMs. 
Aside from a small increase in Il1b (4-fold), Y_PL caused 
broadly anti-inflammatory changes; decreasing Nos2 
(-10-fold), and increasing M2 markers Arg1 (4.6-fold) 

and Retnla (6-fold). O_PL also had opposite effects on O_
BMDMs than Y_BMDMs, decreasing pro-inflammatory 
Nlrp3 (-3-fold), Tnfa (-8-fold) and Nos2 (-24-fold). The 
differences between the response of Y_BMDMs and O_
BMDMs to Y_PLs and O_PLs are shown in Fig. 5d and e 
respectively. Together, these data show that O_PL is pro-
inflammatory to Y_BMDMs, but was mostly anti-inflam-
matory to O_BMDMs. On the other hand, Y_PL was 
mostly neutral to Y_BMDMs and O_BMDMs. Addition-
ally, immunosuppressive and stimulative markers Tgfb1 
and Pdl1 were examined in O_BMDMs treated with IL-4 
or O_PL, as shown in Supplemental Fig. 4. Both mark-
ers were expressed, and O_PL induced a slight (0.8-fold) 
reduction in Pdl1 expression.

Responses of young and old BMDMs to young and old 
mouse plasma EVs
Lastly, we examined the effects of Y_EVs and O_EVs 
added to naïve Y_BMDMs and O_BMDMs at D7. EVs 
were given at a dose which represents 2.5% of the plasma 

Fig. 4  Response of young and old mouse BMDMs to known polarising stimuli
(a) Experimental timeline. At D7 BMDMs were stimulated with IL-4 or LPS. At D8 the BMDMs were assessed by qPCR. (b)  Log2fc of gene expression 
changes in Y_BMDMs following treatment with IL-4 (teal colour bars) or LPS (pink bars), compared to naive (PBS-treated) BMDMs which were assigned a 
log2fc of zero. Significant changes after LPS are shown by an asterisk (*) and changes with IL-4 are shown by hash (#). Samples were compared to naïve 
cells by 2-way ANOVA with Dunnett’s multiple comparison correction. (c)  Log2fc of gene expression changes in O_BMDMs following treatment with IL-4 
or LPS. (d)  Volcano plot showing comparison between O_ and Y_BMDMs treated with IL-4. The X axis shows log2-fold changes and the Y axis shows P 
values (-log10 transformed to enable fitting to the graph). The dotted line on the Y axis indicates p = 0.05 and those above the line are considered signifi-
cant. O_BMDM and Y_BMDM results were compared by unpaired t-test with Holm-Sidak correction for multiple comparisons. (e)  Volcano plot showing 
comparison between O_ and Y_BMDMs treated with LPS. Each data point shows a separate BMDM sample, bar heights show the mean, and error bars 
show the standard error of the mean. * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001
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protein concentration. First, we confirmed EV internali-
sation using Y_EVs and naïve Y_BMDMs as an example. 
The results (Fig.  6a) clearly showed internalisation of 
AlexFluor-680 labelled EVs into the macrophage cyto-
plasm after 30  min incubation, followed by thorough 
washing to remove EVs which were not internalised. 
This is expected, since BMDMs are known to very rap-
idly take up EVs by membrane fusion, endocytosis and 
phagocytosis. For measuring polarisation, BMDMs 
were treated with EVs for 24  h, as shown in Fig.  6b. In 
Y_BMDMs (Fig.  6c), a few significant changes in gene 
expression were noted after the addition of EVs. Y_EVs 
increased Tnfa (5.8-fold) and decreased Retnla (11-fold) 
expression, indicating mild pro-inflammatory stimula-
tion, whereas O_EVs increased Il10 (8-fold) and Retnla 
(22-fold) indicating anti-inflammatory stimulation. Both 
Y_EVs and O_EVs induced small average increases in 
Il1b and Nlrp3, but these were not statistically significant 
(P = 0.23 and 0.12 respectively). In O_BMDMs (Fig.  6d), 
both Y_EVs and O_EVs significantly raised Il6 (14-fold 
and 5-fold respectively) but Y_EVs significantly reduced 
Nos2 (-21-fold). Neither Y_EVs nor O_EVs produced 
any changes in M2 markers in O_BMDMs. Statistically 

comparing the effects of Y_EVs against effects of O_EVs 
(indicated by $ in the figure), Il10 and Retnla were sig-
nificantly different in Y_BMDMs and no differences were 
observed in O_BMDMs. Differences between responses 
of Y_BMDMs and O_BMDMs are presented in Fig.  6e 
and f. Together, these results indicate that both Y_EVs 
and O_EVs could modulate BMDM gene expression, 
but neither EV type induced a distinct M1 or M2-like 
signature. O_EVs tended towards inducing more inflam-
matory markers in naïve Y_BMDMs, but also increased 
Il10. This could potentially represent an M2b phenotype 
which expresses inflammatory markers alongside Il10.

Notably, the results using isolated EVs were very differ-
ent to those obtained using whole plasma (Fig. 5). In par-
ticular, O_EVs did not have the same pro-inflammatory 
effects as their originating O_PL. This highlights how the 
circulating EV component possesses its own activities 
and shows that EVs may be advantageous for inducing 
anti-inflammatory outcomes. Future experiments could 
evaluate EV-depleted plasma fractions using size-exclu-
sion chromatography.

Fig. 5  Response of young and old BMDMs to young and old mouse plasma
(a) Experimental timeline. At D7 BMDMs were stimulated with young mouse plasma (Y_PL) or old mouse plasma (O_PL) for 24 h. (b)  Log2fc of gene 
expression changes in Y_BMDMs following treatment with Y_PL (white bars) or O_PL (green bars), compared to naive (PBS-treated) Y_BMDMs. Significant 
changes after Y_PL are shown by an asterisk (*) and changes with O_PL are shown by hash (#). Comparisons of Y_PL vs. O_PL are shown by $. (c)  Log2fc 
of O_BMDMs treated with Y_PL or O_PL. (d)  Volcano plot showing comparison of O_ and Y_BMDMs treated with Y_PL. (e)  Volcano plot showing com-
parison of O_ and Y_BMDMs treated with O_PL. Data points show separate BMDM samples, bar heights show the mean and error bars show the standard 
error of the mean. For all comparisons * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001
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Fig. 6 (See legend on next page.)
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Effect of EV pre-treatment on LPS-induced polarisation
We considered that in the in vivo environment, mac-
rophages would be in the presence of circulating fac-
tors prior to any pro-inflammatory stimulus, which 
may dictate their response. Therefore, we pre-treated 
Y_BMDMs with Y_EVs or O_EVs for 24  h before add-
ing a low concentration of LPS to induce pro-inflamma-
tory stimulus, as shown in Supplemental Fig.  2a. The 
results (Supplemental Fig. 2b) showed that LPS induced 
typical M1-type polarisation, regardless of the EV pre-
treatment, and there were no significant differences 
between effects of Y_EVs or O_EVs. However, directly 
comparing EV pre-treated Y_BMDMs against non-EV 
pre-treated Y_BMDMs in the presence of LPS (Supple-
mental Fig.  2c) showed that both EV groups increased 
Il10 and Retnla and decreased Il6. Interestingly, there 
was no significant difference between pre-treatment with 
Y_EVs or O_EVs. Though neither EV population could 
prevent LPS-induced M1 polarisation, both reduced the 
magnitude of changes compared to non-pre-treated LPS-
stimulated BMDMs. This suggests that plasma EVs have 
broadly anti-inflammatory functions, regardless of donor 
age.

Summary of BMDM responses to extracellular vesicles
To summarise the BMDM gene expression data from 
all the experimental conditions and to allow for simple 
visual and statistical comparisons, we used hierarchical 
clustering to generate a heatmap of gene expression val-
ues, normalised to Hnrnpa1 and expressed as Z-scores. 
The heatmap for Y_BMDMs (Fig. 7a) clearly shows clus-
ters such as higher expression of M1 (Nlrp3, Tnfa, Il1b) 
markers with O_PL and higher expression of M2 markers 
(Il10, Retnla, Ccl17) by O_EVs. In Fig. 7b, higher baseline 
M1 marker expression by O_BMDMs (Tnfa, Nos2) is also 
notable, as is the neutral effect of O_PL.

Conclusion
In conclusion, this study revealed age-related differences 
in the effects of EVs on macrophage function, with nota-
ble variations in inflammatory and anti-inflammatory 
markers. While EVs from young mice tended towards 
suppressing inflammatory markers, neither young 
nor old EVs induced a clear macrophage polarisation 

phenotype. This was contrary to plasma from old mice 
which was distinctly pro-inflammatory. This shows that 
EVs are a separate compartment of circulating factors. In 
addition, analysis of EV miRNA cargo found very few sig-
nificant differences between young and old donors, and 
we did not replicate results published by others. More 
research is needed to examine the specific interactions 
between EVs and EV cargo with other cellular compo-
nents of the ageing phenotype.

Discussion
The results of this work reported that older mice have a 
lower concentration of plasma EVs, with smaller aver-
age diameters, which agrees with previous studies [23, 
25]. We also found baseline differences in naïve Y/O_
BMDMs, with O_BMDMs having a tendency towards 
higher pro-inflammatory expression. When combining 
Y_ and O_ mouse plasma with Y_/O_BMDMs, we found 
that old mouse plasma was markedly pro-inflammatory 
when incubated with Y_BMDMs. This may be attribut-
able to higher levels of pro-inflammatory cytokines, 
which are well-described in ageing [16]. Both young 
and old plasma (Y/O_PL) reduced Nos2 expression in 
O_BMDMs, and Y_PL additionally increased Arg1. In 
age-matched treatments (i.e. Y_PL with Y_BMDMs) 
the effects were less pronounced. These results show 
that donor age affects both plasma and BMDMs, with 
older donors having a more inflammatory phenotype. 
However, when we examined EVs isolated from plasma 
samples, the results were much less definitive; neither 
Y_ EVs nor O_EVs stimulated clear polarisation in naïve 
BMDMs. EVs from both young and old mice altered the 
response of BMDMs to LPS-induced stimulation, low-
ering Il6 and raising Il10, indicating a degree of anti-
inflammatory function; however, there was no difference 
between Y_EV and O_EVs. Together, our results indicate 
that plasma EVs appear to play age-dependent roles in 
immunomodulation, but this is far more complex than 
“old = pro-inflammatory” or “young = anti-inflammatory”.

When interpreting the results of our study, there are 
some methodological factors which should be consid-
ered. Firstly, we chose to use young (7–12 week old) and 
old (70–90 week old) adult mice rather than juvenile/
adolescent (< 5 week old), or geriatric (> 100 week old) 

(See figure on previous page.)
Fig. 6  Response of young and old BMDMs to young and old mouse plasma EVs
(a) Representative confocal microscope images of EV internalisation by BMDMs. The example shows Y_BMDMs after 30 min incubation with AF680-
labelled Y_EVs. The right column shows the two annotated inset areas at higher magnification. 10 μm scale bars are shown. (b) Experimental timeline of 
EV-induced BMDM polarisation experiment. (c) Log2fc of gene expression changes in Y_BMDMs following treatment with Y_EVs (white bars) or O_EVs 
(green bars), compared to naive (PBS-treated) BMDMs. Significant changes after Y_EVs are shown by a hash (#) and changes with O_EVs are shown by an 
asterisk (*). Comparisons of Y_EVs vs. O_EVs are shown by $. (d) Log2fc of gene expression changes in O_BMDMs following treatment with Y_EVs or O_EVs. 
(e) Volcano plot showing comparison between O_ and Y_BMDMs treated with Y_EVs. The Y axis shows -log10-transformed P values (to enable plotting) 
and the X axis shows log2 fold change. The dotted line on the Y axis indicates p = 0.05 and those above the line are considered significant. (f) Volcano plot 
showing comparison between O_ and Y_BMDMs treated with O_EVs. Bar heights show the mean and error bars show the standard error of the mean. 
Data points show separate BMDMs samples. For all comparisons * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001
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animals. This decision may have resulted in less differ-
ences in EV function or cargo being detected, but we 
believed this was the most relevant comparison which is 
also in line with other published studies of young/aged 
mice [23]. All mice were of the C57BL/6 strain, since 
they are well-characterised and widely-used in ageing 
research. Additionally, the mice in our study were pur-
chased from the same national animal supplier and were 
housed in the same facility under the same conditions to 
reduce variability. Mice were obtained in several separate 
batches and experiments were repeated multiple times 
to obtain the results, thus minimising any batch-depen-
dent effects. We chose to use primary BMDMs to study 

polarisation rather than cell lines such as RAW264.7, 
since the latter displays more limited responses to pola-
rising stimuli than primary macrophages. We also used 
mouse EVs and mouse BMDMs to avoid potential xeno-
biotic incompatibilities between EV cargo and recipient 
cells. However, this comes with the caveat that some of 
our results may not reflect human biology. Secondly, it is 
increasingly understood that EV isolation methods can 
capture different sub-populations of EVs, and co-isolate 
different proteins, which in turn affects their measured 
cargo [52]. There is no single gold-standard method for 
EV isolation, with each method having its own advan-
tages and disadvantages [53, 54]. For this study, we 

Fig. 7  Hierarchical clustering of BMDM gene expression across all experimental conditions
(a) Heatmap showing Z-scores of normalised (mRNA/Hnrnpa1) gene expression in naïve and treated Y_BMDMs. Hierarchical clustering is indicated on 
the left. b) Heatmap for O_BMDMs. Both heatmaps are presented using the same colour scale, shown in the upper right. Y_EV = young mouse plasma 
EV, O_EV = old mouse plasma EV, Y_PL = young mouse plasma, O_PL = old mouse plasma
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elected to use plasma precipitation-based methods for 
EV isolation, allowing us to achieve higher yields from 
relatively small samples. This method is widely used in 
the field and has been extensively validated, but it does 
result in significantly more non-EV protein co-isolation 
than other techniques such as size exclusion chromatog-
raphy [55, 56]. Nevertheless, our cryoEM, NTA and the 
particle: protein ratio data all indicated successful EV 
isolation, and we observed clear and large differences 
in function of the purified EV population compared to 
unpurified whole plasma. The role of EV co-isolated pro-
teins and nucleic acids is unclear, and recent evidence 
suggests that they may be constituents of a biologically 
active EV corona, particularly in circulation [57]. Using 
precipitation, we were able to isolate plasma EVs, and 
detected multiple expected plasma EV miRNAs based on 
online datasets (Vesiclepedia, EV-track etc.) Similarly, all 
samples were handled using the same techniques, thus 
any differences between samples in our study should be 
attributed to mouse age rather than isolation methods. 
However, the differences to other studies may be due to 
EV isolation methods.

In terms of plasma EV miRNA cargo, we found only 
minor differences between young and old mice, which 
is contrary to some previous studies which have identi-
fied many differences [23, 27]. Our spike-in miRNA data 
and a comparison of housekeeping miRNA expression 
demonstrated that our miRNA arrays were extremely 
consistent, with less than 0.1-fold changes between con-
trol wells in any two plates. Our research group also has 
previous experience using this kit for EV miRNA pro-
filing [29, 39]. Thus, we are confident that any detected 
differences (or lack thereof ) should be attributable to bio-
logical factors rather than assay or operator variability. 
Although our sample size was relatively small, other stud-
ies using the same sample size have identified differences 
in circulating EV miRNAs [27]. Three mice per group 
would be sufficient to detect any gross global changes 
which are truly conserved with ageing, particularly 
when the strain of mice is matched. For example, Lee 
and colleagues found significantly higher miR-500 and 
miR-770 in aged rat serum EVs compared to young rats 
(n = 3 per group); EVs were also isolated using precipita-
tion methods and were an average size of 100 nm in their 
study [27]. However, in our data, both miR-500 (mean 
CT 36.0, P = 0.40) and miR-770 (CT 34.4, P = 0.59) were 
found at very low levels and were not different between 
young and old animals. Similarly, they found a signifi-
cant reduction of miR-450a-5p, but we found very low 
levels of this miRNA (mean CT 35.8) and no significant 
changes with age (P = 0.58). In another study analysing 
serum EV miRNA cargo from 3-, 8- and 12-month-old 
male C57BL/6 mice (n = 3 per group), the researchers 
reported significant upregulation of miR-184-3p and 

miR-200b-5p, and downregulation of miR-126b-5p and 
466c-5p with increased ageing [58]. In comparison, our 
samples showed no changes in miR-184-3p expression 
(mean CT 35.3), and a non-significant increase in miR-
200b-5p (mean CT 34.2 and 33.2 in young and old mice 
respectively), while mmu-miR-466c-5p was detected in 
only one young mice sample, at a low concentration (CT 
36.45). Our analysis panel did not contain the miR-126b 
sequence. Another team of researchers using miRNA 
array chips showed different serum miRNA expression 
profiles in young and old C57BL/6 mice, with none of the 
aforementioned sequences appearing to be significantly 
different [59]. The data in our current study revealed 
some similar and some opposite trends in the up- and 
downregulation of the sequences (e.g., similarly upregu-
lated miR-215-5p, miR-194-5p, and downregulated let-
7a-5p, let-7f-5p, 103-3p and others), however none of 
them were statistically significant. The large differences 
in expression may be because we analysed plasma rather 
than serum, since serum includes EV released from plate-
lets which carry their own cargo [9, 60]. However, from 
the biological point-of-view, this implies that these cir-
culating factors are not be universally altered in circula-
tion with ageing, thus their true biological significance 
is unknown. Future work could explore the roles of the 
miRNAs and their effects on macrophages.

As mentioned in the results section, Alibhai and col-
leagues profiled plasma EV miRNAs from similarly aged 
C57BL6 mice (3 months vs. 18–21-month, n = 4 per 
group) as our study, also using a qPCR-based panel [23]. 
Both of our studies reported reduced EV particle counts 
and smaller EV size in aged animals, suggesting this is 
a true biological phenomenon. We also both showed 
anti-inflammatory effects of EVs from young mice and 
we both measured consistent, stable, high expression of 
miR-16, miR-126 and miR-150 in plasma EVs from both 
young and old animals. This indicates no major differ-
ences in the quality of EV isolation or sample handling 
between our two studies. However, our current study did 
not find the changes in miR-146a, miR-21 or let-7a which 
were reported in their study. One difference is that our 
study used male mice, whereas their study used female 
mice; and sex differences in circulating miRNAs have 
been previously described [61]. The largest change we 
detected (increased miR-192-3p) was also not reported 
in the Alibhai study, but another study of young and 
old male C57BL/6JrSlc mice singled out miR-192 as an 
essential ageing marker with anti-inflammatory effect on 
macrophages [62]. Wang and colleagues’ study showed 
mmu-miR-192-5p as significantly upregulated in old 
mice, while it was similarly expressed in our young and 
old mice samples. As both 5p and 3p sequences origi-
nate from the same precursor, it is unknown what affects 
the different expressions of the mature miRNAs and 
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how coordinated are their regulatory actions in target 
cells. A very recent study by Chen and colleagues also 
examined mouse plasma miRNAs in ageing, and found 
increased miR-29a-3p and miR-34a-5p and decreased 
miR-144-3p, miR-149-5p and miR-455-3p [26]. In our 
data, none of the same increases were detected (shown in 
Supplemental Table 2) but we did find similar decreases, 
though they did not meet statistical significance once 
corrected for multiple comparisons. Together, the results 
of our study and others’ illustrate the heterogeneity of 
EV miRNA cargo. This may also reflect methodologi-
cal variables in animals, EV isolation methods, miRNA 
quantification, statistical analyses, or other parameters. 
Thus, we suggest each study should each be interpreted 
within the context of their own methodological param-
eters and experimental designs. However, as a broader 
point, we believe that if these EV miRNAs are not con-
sistently found across slightly different methodologies in 
highly-controlled laboratory settings using inbred mice, 
it inherently raises questions about their true biologi-
cal relevance in ageing. There is a large body of evidence 
showing therapeutic value of EVs, and their importance 
in health homeostasis and disease progression. How-
ever, links between EV subtype, cargo and recipient cell 
responses remain unclear. Further studies are needed to 
determine whether identified changes with ageing are 
consistent across different species, sexes and experimen-
tal models. Only then can their true biological signifi-
cance be understood.
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