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ABSTRACT

Background. Diabetic nephropathy (DN) is a major complication of diabetes and the main cause of end-stage renal disease.
Extracellular vesicles (EVs) are small cell-derived vesicles that can alter disease progression by microRNA (miRNA) transfer.

Methods. In this study, we aimed to characterize the cellular origin and miRNA content of EVs in plasma samples of type 2
diabetes patients at various stages of DN. Type 2 diabetes patients were classified in three groups: normoalbuminuria,
microalbuminuria and macroalbuminuria. The concentration and cellular origin of plasma EVs were measured by flow
cytometry. A total of 752 EV miRNAs were profiled in 18 subjects and differentially expressed miRNAs were validated.

Results. Diabetic patients with microalbuminuria and/or macroalbuminuria showed elevated concentrations of total EVs
and EVs from endothelial cells, platelets, leucocytes and erythrocytes compared with diabetic controls. miR-99a-5p was
upregulated in macroalbuminuric patients compared with normoalbuminuric and microalbuminuric patients. Transfection
of miR-99a-5p in cultured human podocytes downregulated mammalian target of rapamycin (mTOR) protein expression
and downregulated the podocyte injury marker vimentin.

Conclusions. Type 2 diabetes patients with microalbuminuria and macroalbuminuria display differential EV profiles. miR-
99a-5p expression is elevated in EVs from macroalbuminuria and mTOR is its validated mRNA target.
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INTRODUCTION

Diabetic nephropathy (DN) occurs in 20–40% of patients with di-
abetes and is currently the main cause of chronic kidney
disease (CKD) worldwide [1]. DN is considered as a pro-
inflammatory and pro-coagulant state, as pro-inflammatory
and pro-coagulation processes are main players in DN develop-
ment [2–8]. These processes contribute to the high risk of DN
patients to cardiovascular diseases [9, 10].

Albuminuria is the hallmark for DN diagnosis, which is clas-
sified in different stages defined by the American Diabetes
Association: normal (<30 mg/24 h), microalbuminuria
(30–299 mg/24 h) and clinical proteinuria or macroalbuminuria
(�300 mg/24 h) [11]. The primary injuries in DN take place in the
glomeruli, affecting all three layers of the glomerular filtration
barrier: the glomerular endothelial cells with the glycocalyx, the
glomerular basement membrane and podocytes. The mecha-
nism of diabetes-induced glomerular injury is complex since all
glomerular cell types highly interact with each other, and dis-
turbance of one of these interactions can disturb the overall glo-
merular health. Nevertheless, podocytes are generally
considered the weakest link in DN because podocytes lack the
ability to regenerate. Thus, podocyte loss cannot be restored,
which increases the susceptibility of the remaining podocytes
to stress and injury [12].

Extracellular vesicles (EVs) are small particles from the
plasma membrane or from multivesicular bodies. They are pro-
duced by almost all cell types. EVs are surrounded by a phos-
pholipid bilayer and the composition contains similar
molecules to the original cell. EVs are 30–1000 nm in size and
contain a plethora of bioactive molecules, including proteins,
RNAs and lipids [13]. EVs can deliver these bioactive cargos to
other cells and in this way play a role in cell-to-cell communica-
tion. The biological function of EVs depends on their character-
istics, that is, cellular origin, concentration, composition and
function. Under healthy conditions, EVs are involved in main-
taining homeostasis, including inflammation, coagulation, an-
giogenesis and wound healing [13]. EV characteristics may
change as a consequence of inflammation and coagulation, but
EVs are also active players in the progression of inflammatory-
and coagulation-related diseases [14, 15]. Thus, increased circu-
lating EVs can be both a consequence and a cause of disease
[16]. Diabetic patients and patients with DN/CKD showed in-
creased levels of total plasma EVs [17–19]. Also, diabetic patients
and patients with DN showed increased concentration of circu-
lating EVs derived from platelets, monocytes and endothelial
cells [17, 18, 20–23]; however, these EV subpopulations are often
studied individually and with different methodological
approaches.

MicroRNAs (miRNAs) are small non-coding single-stranded
RNAs of approximately 22 nucleotides long. miRNAs regulate
gene expression by degrading mRNA or by blocking their ribo-
somal translation. EVs are the major carriers of miRNAs in the
circulation [24] and thereby are an important vehicle to selec-
tively deliver miRNAs to recipient cells. It has been previously
described that specific miRNAs are altered in plasma EVs in dia-
betics [25, 26], as well as in diabetic retinopathy [27]. In the con-
text of DN, miRNA profiles in EVs are frequently studied in
urinary samples, but insight into miRNA profiles in plasma EVs
in DN patients is lacking. Several studies using in vitro and
in vivo animal models indicate, however, that miRNAs play a
pivotal role in DN and other kidney diseases [28–30]. Therefore,
it is expected that miRNAs in circulating EVs are also involved
in the pathophysiology of DN.

Taken together, to our knowledge, no prior studies have
shown an overview of a wide panel of plasma EV cellular origins
combined with profiles of EV miRNA content in several stages
of DN. The aim of our study is to characterize plasma EVs with
regard to their cellular origin and miRNA content in type 2 dia-
betes patients with DN and to evaluate the effect of EV miRNAs
in vitro.

MATERIALS AND METHODS

A detailed description of the materials and methods section is
provided in the Supplementary Information.

Patients

Ninety-three type 2 diabetes patients were randomly selected
from a larger, previously described diabetes cohort [31]. After
exclusion of current smokers and patients older than 65 years,
patients were categorized by urinary albumin excretion levels:
normoalbuminuria (<30 mg/day), microalbuminuria (30–
300 mg/day) or macroalbuminuria (>300 mg/day). Plasma glu-
cose and lipid profiles, serum and urinary creatinine, plasma
high-sensitive C-reactive protein (hsCRP) and HbA1c were deter-
mined using standard diagnostic procedures. Estimated glomer-
ular filtration rate by Chronic Kidney Disease Epidemiology
Collaboration equation (eGFR)CKD-EPI was calculated according
to Levey et al. [32]. This study was approved by the local ethical
committee and informed consent was provided by all patients.
All investigations have been carried out in accordance with the
principles of the Declaration of Helsinki as revised in 2013.

EV measurement by flow cytometry

Blood was drawn and plasma was prepared as previously de-
scribed [31, 33]. The cellular origin of the EVs was measured by
FACS analysis using the A60-Micro flow cytometer (Apogee flow
systems). EVs were identified using Calcein Violet 450 AM via-
bility dye (eBioscience) combined with cell-derived surface mol-
ecules. Cell-derived surface molecules included: CD61, CD62p,
CD34, CD62e, CD235a, CD3, CD14, CD45, CD66b and IgG1. The
sample collection, handling and storage, as well as EV measure-
ment methods, have been carried out, where possible, accord-
ing to the minimal information for studies of EVs 2018 [34].

miRNA profiling, validation and target prediction

EVs RNA was isolated using the exoRNeasy kit (Qiagen) accord-
ing to the manufacturer’s instructions. EVs miRNA profiling
was performed in 18 patients, using the high-throughput
miRCURY LNA qPCR assay (Exiqon-Qiagen) as a screening tool.
Differentially expressed miRNAs (P< 0.05) were validated in the
full patient cohort. Validation was performed using the
miRCURY LNA qPCR system (Exiqon-Qiagen). mRNA targets of
miR-99a-5p were identified using miRWalk 2.0 [35].

Transfection and stimulation of cultured podocytes

A conditionally immortalized human podocyte cell line (AB8/13;
kindly provided by Prof. Moin A. Saleem, University of Bristol,
UK) was used to examine the effect of miRNA-99a-5p transfec-
tion. Cells were transfected for 24 h with 50 nM of either hsa-
miR-99a-5p mimic or negative control mimic (Qiagen) with
Lipofectamine 2000 (ThermoFisher) and subsequently stimu-
lated with 30 nM glucose for 24 h. Medium only was used as a

Cellular origin and miRNA profiles of EVs | 359

D
ow

nloaded from
 https://academ

ic.oup.com
/ckj/article/14/1/358/5603538 by guest on 12 January 2022

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfz145#supplementary-data


non-transfected control. Cells were harvested with Trizol
(ThermoFisher) or with radioimmunoprecipitation assay buffer
to obtain RNA and protein lysates, respectively. Mammalian tar-
get of rapamycin (mTOR) protein expression was corrected for
B-actin protein expression. Corrected mTOR expression was
normalized for the control condition with medium only.

RESULTS
Cohort characteristics

The demographic and clinical cohort characteristics are shown
in Table 1. Age, smoking history, body mass index, diabetes du-
ration, diastolic blood pressure and plasma total cholesterol
were similar between groups. The percentage of females was
lower in the macroalbuminuria group compared with the nor-
moalbuminuria group. In addition, fasting blood glucose, HbA1c,
systolic blood pressure and plasma triglycerides were higher in
the macroalbuminuric patients, suggesting poorer glucose and
blood pressure regulation compared with normoalbuminuric
patients. Compared with normoalbuminuria patients, hsCRP
levels were higher in microalbuminuria patients. As expected,
in macroalbuminuric patients, the eGFR was lower compared
with both normoalbuminuria and microalbuminuria patients.
Medication use among the groups is shown in Supplementary
data, Table S1.

Cellular origin of plasma EVs

The concentration of total plasma EVs and the concentration of
cell-derived EVs are shown in Figures 1 and 2, respectively. The
total concentration of plasma EVs was significantly higher in
both microalbuminuric and macroalbuminuric patients com-
pared with diabetic controls. EV concentrations were separated
by tertile for eGFR, HbA1C, hsCRP, triglycerides and sex

(Figure 1B). This figure shows that EV concentrations are the
highest in patients within the highest HbA1C and in the middle
and high tertile of triglycerides. Platelet (CD61-positive) EVs, but
not activated platelet (CD62p-positive) EVs, were higher in mac-
roalbuminuric patients compared with the other two groups. In
contrast, endothelial (CD34-positive) cell-derived EVs were simi-
lar between groups, whereas activated endothelial cell-derived
(CD62e-positive) EVs were higher in the microalbuminuric
patients compared with normoalbuminuric patients. Both
microalbuminuric and macroalbuminuric patients showed
higher concentration of erythrocyte-derived (CD235a-positive)
EVs compared with diabetic controls.

Total leucocyte-derived (CD45-positive) EVs were higher in
both microalbuminuric and macroalbuminuric patients, likely
reflecting the pro-inflammatory state in these patients. In addi-
tion, T-cell-derived (CD3-positive) and monocyte-derived
(CD14-positive) EVs were similar between groups, and
granulocyte-derived (CD66b-positive) EVs were higher in macro-
albuminuric patients compared with diabetic controls.

miRNA profiles in plasma EVs

In high-throughput screening analysis, expression levels of 752
miRNAs in plasma EVs were profiled by a quantitative PCR
(qPCR) array. Based on the screening analysis in 10 normoalbu-
minuria and 8 microalbuminuria patients, we selected all
miRNAs with P < 0.05 for validation by qPCR in the full cohort of
66 patients. On average, 150 miRNAs per sample were detected.
A total of 69 miRNAs were detected in all 18 samples. In this pi-
lot study, none of the miRNAs was found to be differentially
expressed between normoalbuminuric and microalbuminuric
patients after multiple testing correction (Table 2). Full results
of the miRNA profiling are provided in Supplementary data,
Table S3. Seven miRNAs were up- or downregulated after indi-
vidual testing (Table 2); these miRNAs were validated by qPCR

Table 1. Comparison of demographic and clinical characteristics

Demographic
Normoalbuminuria Microalbuminuria Macroalbuminuria

n¼ 32 n¼ 28 n¼ 33

Females, % 50 43 24a

Age, years 55 (52–58) 54 (51–56) 57 (55–59)
Smoking history, % 44 39 36
Body mass index, kg/m2 30 (28–32) 33 (31–35) 34 (31–36)
Diabetes duration, years 14 (11–17) 12 (9–15) 13 (10–16)
Fasting glucose, mmol/L 8.3 (7.1–9.4) 8.6 (7.6–9.5) 9.9 (8.8–11.0)b

HbA1c, % 7.1 (6.7–7.5) 7.5 (7.1–8.0) 8.0 (7.6–8.5)c

SBP, mmHg 125 (119–131) 131 (126–137) 137 (131–143)b

DBP, mmHg 77 (73–80) 78 (75–81) 81 (78–83)
Total cholesterol, mmol/L 4.1 (3.7–4.4) 4.2 (3.8–4.6) 4.5 (4.1–4.9)
Triglycerides, mmol/L 1.6 (1.3–1.8) 1.9 (1.5–2.3) 2.2 (1.9–2.6)c

hsCRP, mg/L 2.1 (1.4–2.9) 3.7 (2.5–4.9)b 4.0 (2.5–5.4)
eGFRMDRD, mL/min/1.73 m2 88 (78–99) 89 (81–97) 73 (65–81)b,d

eGFRCKD-EPI, mL/min/1.73 m2 89 (81–97) 90 (83–96) 74 (66–82)b,d

UAE, mg/24 h 13 (10–16) 127 (98–155)e 1023 (767–1279)e,f

Data are expressed as mean (95% confidence interval).
aP<0.05 versus normoalbuminuria with the Fisher’s exact test.
bSignificant versus normoalbuminuria P<0.05.
cSignificant versus normoalbuminuria P<0.01.
dSignificant versus microalbuminuria P<0.05.
eSignificant versus normoalbuminuria P<0.0001.
fSignificant versus microalbuminuria P< 0.0001.

UAE, urinary albumin excretion; eGFRMDRD, estimated glomerular filtration rate determined by Modification of Diet in Renal Disease; SBP, systolic blood pressure; DBP,

diastolic blood pressure.
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in a total of 66 patients, including normoalbuminuric, microal-
buminuric or macroalbuminuric patients. miR-136-5p, miR-744-
5p, miR-625-3p, miR-205-5p and miR-124-3p were detected in
<50% of the patients and therefore these miRNA were not con-
sidered relevant in this study. miR-19b-3p and miR-99a-5p were
detected in 100 and 95% of the samples, respectively [8% of the
samples (n¼ 2) were undetectable in the normoalbuminuria
group and 5% (n¼ 1) in the microalbuminuria and macroalbumi-
nuria groups]. miR-19b-3p expression was similar between
groups, whereas miR-99a-5p was significantly upregulated in
EVs from macroalbuminuric patients compared with both nor-
moalbuminuric and macroalbuminuric patients (Figure 3). miR-
99a-5p expression was separated per tertile for eGFR, HbA1C,
hsCRP, triglycerides and sex (Figure 3C). This figure shows that

miR-99a-5p expression was more elevated in the highest tertile
for triglycerides compared with the middle and low tertile.

miR-99a-5p target prediction and validation in cultured
human podocytes

mRNA targets of miR-99a-5p are shown in Supplementary data,
Figure S1. mTOR was one of the top hits and was chosen to be
validated in vitro as mTOR is known to be involved in the patho-
genesis of DN [36]. Transfection of a miR-99a-5p mimic in high
glucose-stimulated human podocytes resulted in a downre-
gulation of mTOR protein expression, as shown in Figure 4.
Further analysis revealed a downregulation of vimentin after

FIGURE 1: Total plasma EVs. (A) Total calcein violet (CV)-positive events in plasma. (B) Total EVs per tertile of eGFR, HbA1C, hsCRP, triglycerides and sex. *P<0.05,

**P<0.01.

FIGURE 2: Plasma EV profile. (A–I) Cellular origin of plasma EVs as determined with flow cytometry by double positivity for calcein violet (CV) and a cell-specific marker.

*P<0.05, **P<0.01, ***P<0.0001.
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miR-99a-5p transfection compared with the scrambled control,
indicating a protective effect to podocyte injury.

Correlations between clinical parameters and plasma
EVs

Correlation matrices with hierarchical clustering from the EV
profile and clinical parameters are shown in Figure 5. Within
the group of microalbuminuric patients, three clusters were
formed. In the first cluster, there are positive correlations
among fasting blood glucose, BMI, hsCRP and HbA1c, suggesting
that in an early stage of DN, glucose levels and systemic inflam-
mation correlate. In the second cluster, age and EVs from endo-
thelial cells, platelets, granulocytes and T-cells cluster together
and are positively correlated. Within the third cluster, total cho-
lesterol, triglycerides, EV miR-99a-5p expression and EVs from
activated endothelial cells, leucocytes, erythrocytes and mono-
cytes are intercorrelated, indicating that this cluster is related
to dyslipidaemia and chronic inflammation.

DISCUSSION

This study aimed to characterize plasma EVs by cellular origin
and miRNA content in type 2 diabetes patients with DN and to
evaluate the consequence of EV miRNAs in vitro. We demon-
strated that plasma EV profiles change towards a pro-coagulant
and pro-inflammatory profile in DN patients. Also, the expres-
sion of EV-incorporated miR-99a-5p was elevated in these
patients, which was found to be protective of podocyte injury
in vitro.

This study characterized for the first time the plasma pro-
files of nine EV subtypes, derived from the most prominent
coagulation-related and inflammatory cells involved in DN.
Other studies often describe only one or a small selection of EV
subtypes. Furthermore, this study profiled a large number of
EV-incorporated miRNAs in plasma. The characterization of
both EV subtypes and miRNA content is unique in plasma sam-
ples of DN patients, as the combination of EVs and miRNAs is
exclusively studied in urine sample for the discovery of bio-
markers [37, 38]. In addition, this study validated mTOR as one
of the miR-99a-5p targets in vitro.

Extracellular vesicles

We demonstrated that microalbuminuria, which is the hall-
mark of Stage 3 (or the incipient stage) of DN, is accompanied by
higher levels of total circulating EVs and EVs derived from acti-
vated endothelial cells, leucocytes and erythrocytes. A small
number of studies that distinguish microalbuminuria from
macroalbuminuria found similar EV patterns, but not for all EV
subtypes. Endothelial cell-derived EVs were previously found to
be higher in microalbuminuric patients [19, 39]; however, our
study demonstrates only higher activated endothelial-derived
EVs in microalbuminuria, but similar concentration of

Table 2. Significantly differentially expressed miRNAs

miRNA name Fold change P-value q-value

hsa-miR-136-5p �2.6 0.001 0.22
hsa-miR-99a-5p 2.1 0.005 0.48
hsa-miR-744-5p �2.1 0.016 0.90
hsa-miR- 205-5p 3.0 0.039 0.90
hsa-miR-625-3p �3.6 0.040 0.90
hsa-miR-124-3p 4.1 0.043 0.90
hsa-miR-19b-3p �1.3 0.048 0.90

Seven miRNAs were significantly differentially expressed after individual test-

ing in microalbuminuric patients compared with normoalbuminuric patients.

FIGURE 4: miR-99a-5p transfection in human podocytes. (A) Representative western blot of mTOR and B-actin from podocyte lysates cultured in high glucose (30 mM)

conditions, transfected with a scrambled miRNA sequence or miR-99a-5p or only medium. (B) Quantification of mTOR protein expression (n¼6). (C) mRNA expression

of vimentin (n¼3–4). *P<0.05.

FIGURE 3: miRNA expression in plasma EVs. Validation of miR-19b-3p (A) and miR-99a-5p (B) expression in plasma EVs of diabetes patients, determined by qPCR.

(C) MiR-99a-5p expression per tertile of eGFR, HbA1C, hsCRP, triglycerides and sex. *P<0.05. n¼24 for the normoalbuminuria group, n¼20 for the microalbuminuria

group and n¼22 for the macroalbuminuria group.
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endothelial-derived EVs between normoalbuminuric and micro-
albuminuric patients. The study by Yu et al. is one of the few
that described a larger panel of EV subtypes in plasma from
microalbuminuric patients. They found, corroborating on our
findings, elevated concentrations of total EVs, erythrocyte-
derived EVs and monocyte-derived EVs [19]. In addition, they
found that EVs from platelets, granulocytes and T-lymphocytes
were higher in microalbuminuric compared with normoalbumi-
nuric patients. Although we did not find differences in these
EVs subtypes, we measured increased concentration of leuco-
cyte-derived EVs as detected by the general leucocyte marker
CD45. Taken together, plasma EV profiles are altered in this
early stage of DN.

In addition to the incipient stage of DN, overt DN, character-
ized by macroalbuminuria, was in our study accompanied by
higher concentration of total EVs and EVs derived from plate-
lets, erythrocytes, leucocytes and granulocytes. Platelet-, eryth-
rocyte- and leucocyte-derived EVs are often found to be
increased in patients with DN [17, 19, 21], but not in all studies
[20]. Most other studies also found an altered concentration of
endothelial cell- and monocyte-derived EVs in these patients
[17, 19, 23], while statistically significant differences in these EV
subtypes were absent in our study. Thus, despite some small
differences between different studies, overt DN appears to be
consistently associated with altered EVs profiles that reflect the
pro-inflammatory and pro-coagulation state of these patients.

Of note, it is striking that the abovementioned reports ap-
plied different methods to collect, process and identify EVs. The
most important difference, in our opinion, is the difference in
EV identification. Annexin V is frequently used to identify EVs,
because annexin V binds to phosphatidylserine, which is ex-
posed on most, but not all, EVs, especially after a freeze–thaw
cycle. The major limitation of annexin V as an EV marker is that
annexin V requires addition of calcium in order to bind to phos-
phatidylserine on EVs. However, adding calcium to plasma may
induce plasma clotting, resulting in changing EV concentrations
from pro-coagulant EVs. Therefore, annexin V is likely to influ-
ence concentrations of total plasma EVs, as well as specific EV
subpopulations. For the purpose of accurate and reproducible
EV measurements, it is recommended to use one of the other

EV markers as described by de Rond et al. [40], but also to follow
the guidelines as described by Coumans et al. [41].

EV-associated miRNAs

We demonstrated that miR-99a-5p is upregulated in plasma
EVs from diabetic patients with macroalbuminuria. In addition,
we showed in vitro that miR-99a-5p downregulates mTOR pro-
tein expression and thereby we are the first to validate mTOR as
a target of miR-99a-5p. mTOR is a key regulator of cellular ho-
meostasis, including cell growth and metabolism with environ-
mental input, and has been found to be involved in various
diseases [42]. Pharmacological mTOR inhibition has been shown
to ameliorate renal fibrosis, renal inflammation, glomeruloscle-
rosis and glomerular hypertrophy in animal models for DN [43–
46]. However, inhibition or genetic deletion of mTOR has also
been found to induce podocyte damage and subsequent pro-
teinuria in kidney transplant recipients and in mice [46, 47].
Both dose and exposure time of the mTOR inhibitor seem to
play a role [46]. Gödel et al. [47] showed that tight regulation of
mTOR activity (both mTOR complexes 1 and 2) is required in
podocyte homeostasis. Taken together, mTOR inhibition has
beneficial effects on the progression of DN, but more investiga-
tion will be required to obtain more insight in the proteinuric ef-
fect of (long-term) mTOR inhibition and to find strategies to
bypass this effect (e.g. lower dosages or interval treatment). In
our study, we found that miR-99a-5p inhibits mTOR expression.
miRNA-mediated mTOR inhibition may not be comparable with
a therapeutic intervention that inhibits mTOR protein activity.
miRNAs are crucial in fine-tuning gene expression, and downre-
gulation of mTOR mRNA expression will affect both mTOR com-
plexes 1 and 2. Thus, miR-99a-5p-mediated downregulation of
mTOR in this experiment may have milder effects compared
with mTOR inhibition by rapamycin. In order to assess the ef-
fect of miR-99a-5p in podocytes, we measured vimentin mRNA
expression as a podocyte injury marker as a proof of principle.
The miR-99a-5p mimic and its control were transfected via lipo-
fectamine2000, a compound that is slightly toxic to cells [48].
Transfection of the scrambled miRNA control with lipofect-
amine2000 resulted in a slight, but not statistically significant,

FIGURE 5: Correlation matrices. Correlation matrices with unsupervised hierarchical clustering in normoalbuminuria, microalbuminuria and macroalbuminuria

patients. Two clusters were recognized in the normoalbuminuria group; in one cluster are the majority of the EV subtypes and age correlated and in the second cluster

are most of the metabolic, vascular and renal parameters correlated. In the microalbuminuria group, three clusters were recognized: one cluster with positive correla-

tions between blood glucose, BMI and chronic inflammation; a second cluster with age and some inflammation and coagulation-related EVs; and a third cluster with

dyslipidaemia and chronic inflammation parameters, but also miR-99a-5p. In the macroalbuminuria group, two clusters were recognized: one cluster with several in-

flammation and coagulation related EV subtypes; and a second cluster with diabetes time, dyslipidaemia and platelet-, monocyte- and erythrocyte EVs. FBG, fasting

blood glucose; UAE, urinary albumin excretion; MAP, mean arterial pressure; TG, triglycerides; total chol., total cholesterol.
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upregulation of vimentin, suggesting a harmful effect of the
scrambled miRNA, but more likely of lipofectamine2000.
Vimentin mRNA expression, however, was downregulated after
miR-99a-5p transfection as compared with the scrambled
miRNA, but not compared with the medium control. As the me-
dium-only samples were not exposed to lipofectamine2000, the
scrambled miRNA control is the right control for the miR-99a-5p
transfection. Vimentin upregulation is a marker for epithelial-
to-mesenchymal transition (EMT), a key process in DN, thus
miR-99a-5p-induced downregulation of vimentin indicates a
protective role of this miRNA to podocyte injury. Taken to-
gether, our study provided evidence that miR-99a-5p targets
mTOR in podocytes in vitro, which seems to suppress podocyte
EMT.

Extrapolation of the effect of miR-99a-5p to the in vivo situa-
tion is challenging. Increased levels of a possibly protective
miRNA in the most severe patient group of DN seem paradoxi-
cal. However, the results from our study may indicate that these
patients have a late protective mechanism to limit further (re-
nal) injury. An alternative explanation might be that (renal) cells
in macroalbuminuric patients increase the packaging and ex-
cretion of EV-incorporated miR-99a-5p to the circulation and
thereby losing a natural protective mechanism. This principle
of selective secretion of molecules via EVs is demonstrated in
human breast cancer cells that secrete caspase 3 to promote
their own survival [49] and is also demonstrated to be involved
in metastasis [50]. Another alternative explanation for the para-
doxical effect may be differences in EV uptake between patient
groups, which could be either random or selective for miR-99a-
5p rich EVs.

Taken together, we demonstrated that the altered plasma
EV profile in DN patients reflect the pro-coagulant and pro-
inflammatory state of DN. We also demonstrated that miR-99a-
5p is enriched in plasma EVs and that this miRNA protects
podocytes, likely via mTOR inhibition. Nonetheless, the role of
miR-99a-5p enrichment is plasma EVs in the pathogenesis of
DN remains to be elucidated. Future research to elaborate this
should comprise evaluation of the EV trafficking in these
patients. This includes the effect of glomerular leakage and
eGFR decline on plasma EV levels, but also assessing the EV pro-
duction and uptake and the miRNA content of the different EV
subtypes. Additionally, it remains unknown whether plasma
EVs in macroalbuminuric patients indeed deliver miR-99a-5p to
the kidney, and if so, whether it actually suppresses EMT in
podocytes in vivo. We did not validate other predicted targets of
miR-99a-5p, which could aid in preventing podocyte injury as
well (see Supplementary data, Figure S1 for other potential tar-
gets), and we did not validate the predicted targets in other re-
nal cells. Further investigation is required to fully understand
the role of miR-99a-5p in DN and its potential to become a ther-
apeutic strategy to limit renal complications in the context of
diabetes.
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