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Abstract 

Background A comprehensive dissection of the role of microRNAs (miRNAs) in gene regulation and subsequent cell 
functions requires a specific and efficient knockdown or overexpression of the miRNA of interest; these are achieved 
by transfecting the cell of interest with a miRNA inhibitor or a miRNA mimic, respectively. Inhibitors and mimics of 
miRNAs with a unique chemistry and/or structural modifications are available commercially and require different 
transfection conditions. Here, we aimed to investigate how various conditions affect the transfection efficacy of two 
miRNAs with high and low endogenous expression, miR‑15a‑5p and miR‑20b‑5p respectively, in human primary cells.

Results MiRNA inhibitors and mimics from two commonly used commercial vendors were employed, i.e., mirVana 
(Thermo Fisher Scientific) and locked nucleic acid (LNA) miRNA (Qiagen). We systematically examined and optimized 
the transfection conditions of such miRNA inhibitors and mimics to primary endothelial cells and monocytes using 
either a lipid‑based carrier (lipofectamine) for delivery or an unassisted uptake. Transfection of LNA inhibitors with 
either phosphodiester (PE)‑ or phosphorothioate (PS)‑modified nucleotide bonds, delivered using a lipid‑based 
carrier, efficiently downregulated the expression levels of miR‑15a‑5p already 24 h following transfection. MirVana 
miR‑15a‑5p inhibitor displayed a less efficient inhibitory effect, which was not improved 48 h following a single 
transfection or two consecutive transfections. Interestingly, LNA‑PS miR‑15a‑5p inhibitor efficiently reduced the levels 
of miR‑15a‑5p when delivered without a lipid‑based carrier in both ECs and monocytes. When using a carrier, mirVana 
and LNA miR‑15a‑5p and miR‑20b‑5p mimics showed similar efficiency 48 h following transfection to ECs and mono‑
cytes. None of the miRNA mimics effectively induced overexpression of the respective miRNA when given to primary 
cells without a carrier.

Conclusion LNA miRNA inhibitors efficiently downregulated the cellular expression of miRNA, such as miR‑15a‑5p. 
Furthermore, our findings suggest that LNA‑PS miRNA inhibitors can be delivered in the absence of a lipid‑based car‑
rier, whereas miRNA mimics need the aid of a lipid‑based carrier to achieve sufficient cellular uptake.
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Background
MiRNAs are small, non-coding RNAs that are critical for 
post-transcriptional regulation of gene expression. MiR-
NAs have preferential conserved interaction with most 
human mRNAs, and thereby significantly contribute to 
almost every developmental and physiological process 
[1]. Supporting this notion, dysregulation of miRNA 
biogenesis and/or function is associated with various 
diseases including immune system disorders [2], cardio-
vascular diseases [3], cancer [4], and neurodegenerative 
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disorders [5]. As dysregulation of miRNAs is found to 
be casual in various diseases and miRNAs can fine-tune 
various pathways simultaneously, targeting of miRNAs 
has emerged as a promising therapeutic tool [6]. Spe-
cific targeting of miRNAs, which is used to downregulate 
their expression and activity, is achieved using synthetic 
miRNA inhibitors. These are antisense oligonucleotides 
designed to target endogenous miRNAs with high speci-
ficity by binding and sequestering their targets. MiRNA 
mimics are used to upregulate the expression of selected 
endogenous miRNAs. These are mostly small double-
stranded oligonucleotides that match a corresponding 
endogenous miRNA sequence and are designed to simu-
late natural miRNAs in the cells.

The specificity and target regulation of miRNA inhibi-
tors and mimics are determined by their nucleotide base 
sequence, primarily by the seed sequence at position 
2–7 [1]. In addition to the sequence specificity, the deliv-
ery systems, and the potency of the oligonucleotides are 
important factors for the success of miRNA targeting 
and regulation. Importantly, unmodified oligonucleo-
tides have limited efficacy due to rapid degradation and 
suboptimal delivery [7]. Therefore, lipid-based carriers 
are widely used to protect such oligonucleotides from 
degradation when delivered to cells. Lipid-based carriers 
are cationic lipid formulations that are commonly used as 
carriers due to their versatile use, effectiveness in encap-
sulation of oligonucleotides, and assistance in endoso-
mal escape of the oligonucleotides [8]. However, toxicity 
of lipid-based carriers due to their charge and potential 
immunostimulatory effects are challenges to consider 
[9, 10]. As the potency of the oligonucleotides primarily 
depends on their chemistry, novel chemical and struc-
tural modifications were applied to maximize their 
effectiveness. Synthetic modifications in the phosphate 
group, nitrogenous bases, deoxyribose, and strand archi-
tecture are used [6, 7]. Phosphorothioate modification of 
the phosphate backbone is one of the most widely used 
chemical modifications that provide nuclease resistance 
[11]. Further changes can include locked nucleic acid 
(LNA), which links 2′-oxygen and 4′-carbon of ribose 
sugar and significantly increases binding affinity of the 
oligonucleotides. Chimeric oligonucleotides, which con-
tain both LNA modified and unmodified ribose sugars, 
are also produced to decrease negative effects caused by 
certain modifications.

Downregulation or overexpression analysis of miRNAs 
in cells is critical in preclinical and functional studies [6]. 
There are currently several types of commercially avail-
able miRNA mimics and inhibitors, which harbor various 
patterns of chemical modifications. Chemical and struc-
tural alterations of some of these oligonucleotides are 
revealed to the users, while others contain modifications 

that are closed-source products. Endothelial cells (ECs) 
and intravascular cells such as monocytes are relevant 
targets in various conditions, such as cardiovascular dis-
eases, thrombosis, and cardiac injury. Targeting of miR-
NAs was achieved in ECs or intravascular cells using 
various concentrations of miRNA inhibitors and mim-
ics together with lipid-based carriers in previous stud-
ies [12–18]. However, a detailed workflow to inhibit or 
overexpress miRNAs with a systematic dose–response 
analysis of the synthetic miRNA inhibitors and mimics, 
and the importance of lipid-based carriers in delivery of 
such oligonucleotides to human primary cells have not 
been shown.

Here, we investigated the performance of commonly 
used and commercially available miRNA inhibitors and 
mimics, i.e., mirVana and Qiagen-LNA, with and with-
out a lipid-based carrier in primary ECs and monocytes. 
We targeted miR-15a-5p, which is highly expressed, and 
miR-20b-5p that has low or undetectable expression in 
such cells. We showed that miRNA inhibitors with LNA 
modifications are superior to knock down miR-15a-5p 
expression in primary cells. Of note, while natural phos-
phodiester backbone is effective to knock down miR-
15a-5p expression when used together with a lipid-based 
carrier, phosphorothioate backbone is required for effi-
cient unassisted uptake of miRNA inhibitors by the pri-
mary cells. MirVana and Qiagen-LNA miRNA mimics, 
which were used for overexpression of miR-15a-5p and 
miR-20b-5p, showed similar potency in primary cells. 
We found that miRNA mimics are effective even in lower 
concentrations than commonly used, and a lipid-based 
carrier was necessary to deliver the miRNA mimics effi-
ciently to the primary cells.

Materials and methods
Primary human endothelial cell culture
Pooled primary human umbilical vein ECs were pur-
chased from Thermo Fisher Scientific and PromoCell. 
ECs at passage (P)2–3 were used in all experiments. ECs 
(5 ×  105) were thawed in endothelial cell growth media 2 
(PromoCell, cat. no. C-22111) and directly seeded into a 
T75 flask. Growth media was replaced the following day 
with fresh media to eliminate DMSO.

Isolation and culture of primary human monocyte
Blood from healthy individuals was collected from the 
antecubital vein into blood collection tubes containing 
sodium citrate. All study participants signed a written 
informed consent. Peripheral blood mononuclear cells 
(PBMCs) were separated from blood on a Ficoll-Paque 
(GE Healthcare) density gradient using LeucoSep separa-
tion tubes (Greiner), following centrifugation at 800 g for 
15  min at room temperature without brake. Monocytes 
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were negatively selected from PBMCs using Classical 
Monocyte Isolation Kit, LS Columns, and MidiMACS™ 
Separators (all from Miltenyi) according to the manufac-
turer’s instructions. Isolated monocytes were cultured in 
RPMI 1640, GlutaMAX™ Supplement (Thermo Fisher 
Scientific) media supplemented with 10% premium grade 
fetal bovine serum (P-FBS) with low endotoxin (Biowest) 
and 1:200 (volume/volume) penicillin–streptomycin 
solution (Sigma).

Flow cytometry
PBMCs and isolated monocytes were stained with LIVE/
DEAD Fixable Far-Red Dead Cell Stain Kit (Thermo 
Fisher Scientific), Brilliant Violet 421 anti-human CD45 
(2D1), PE anti-human CD63 (H5C6), Alexa Fluor 647 
anti-human CD14 (63D3), PE/Cyanine5 anti-human 
HLA-DR (L243), and PE/Cyanine7 anti-human CD162 
(KPL-1) or their respective mouse IgG isotype control 
antibodies (all from BioLegend). ECs were stained with 
LIVE/DEAD Fixable Far-Red Dead Cell Stain Kit, and 
Brilliant Violet 605 anti-human CD31 (WM59) or the 
respective mouse IgG1 isotype control antibodies (Bio-
Legend). Heat treated monocytes or ECs were prepared 
by exposure to 60  °C for 10  min and used to separate 
live cells and dead cells on the histograms. Staining was 
performed in flow cytometry buffer (PBS supplemented 
with 2% P-FBS and 0.5 mM EDTA) for 30 min at ambi-
ent temperature. Unstained cells and cells stained with 
single antibodies were prepared to set a suitable com-
pensation matrix to correct for fluorescent spillover. 
After 2× washes with flow cytometry buffer, cells were 
analyzed using CytoFLEX Flow Cytometry instrument 
(Beckman Coulter). Data analysis was performed using 
FlowJo, version 10.

Transfection and unassisted uptake of miRNA inhibitors 
and mimics
Prior to the transfection of miRNA inhibitors or mimics, 
subconfluent ECs were detached using Accutase (Thermo 
Fisher Scientific), collected and centrifuged at 220  g for 
3  min. ECs were resuspended in fresh Endothelial Cell 
Growth Media 2 (PromoCell) and seeded in 24-well or 
12-well plates at 6 ×  104 or 1.2 ×  105 cell per well, respec-
tively. Isolated human monocytes (5 ×  105 cells per well) 
were cultured in 12-well plates in 1 mL RPMI 1640, Glu-
taMAX™ Supplement media supplemented with 10% 
P-FBS and 1:200 (volume/volume) penicillin–streptomy-
cin solution (Sigma).

MirVana miRNA inhibitors and mimics were pur-
chased from Thermo Fisher Scientific. Chemical modi-
fications in mirVana miRNA inhibitors and mimics are 
proprietary information of Thermo Fisher Scientific and 
were not revealed by the vendor. MiRCURY LNA miRNA 

inhibitors and mimics were purchased from Qiagen. The 
performance of each miRNA inhibitor or mimic was 
compared to its respective unspecific scrambled control, 
which was purchased from the same supplier. MiRNA 
inhibitors and mimics were reconstituted in sterile 
nuclease-free water to prepare stock solutions of miRNA 
inhibitors at 50 µM and of miRNA mimics at 66.7 µM.

Working solutions at lower concentrations were freshly 
prepared by diluting the respective stock solutions in 
Opti-MEM Reduced Serum Media (Thermo Fisher 
Scientific). miRNA inhibitors or miRNA mimics were 
mixed with Opti-MEM media (50 µL) in a sterile tube. 
For transfection experiments, 1 µL or 2 µL (for a well of 
24-well or 12-well plate, respectively) of Lipofectamine 
RNAiMAX (Thermo Fisher Scientific) reagent were 
added to Opti-MEM/miRNA inhibitor or Opti-MEM/
miRNA mimic mix in a sterile tube. Prepared mixes 
were incubated for 20 min at room temperature to form 
oligonucleotide-lipid complexes before adding to ECs or 
monocytes. For unassisted uptake experiments, Opti-
MEM and miRNA inhibitor or mimic were mixed and 
added to ECs or monocytes. To allow optimal unassisted 
uptake (i.e., in the absence of a lipid-based carrier), the 
cell culture media for ECs or monocytes was not replaced 
for the whole transfection period, 48 h. When ECs were 
transfected using Lipofectamine RNAiMAX, cell culture 
media was replaced following the first 24  h of transfec-
tion to eliminate the lipid reagents. When monocytes 
were transfected with miRNA mimics with the aid of 
Lipofectamine RNAiMAX, cells were collected next day 
by centrifugation at 350  g for 5  min to eliminate lipid 
reagent, resuspended in fresh RPMI 1640, GlutaMAX™ 
Supplement media supplemented with 10% P-FBS and 
cultured until harvesting.

RNA isolation and qRT‑PCR
Total RNA isolation was performed using miRNeasy 
Micro Kit (Qiagen) and cDNA was synthesized from 5 ng 
or 10 ng of total RNA using miRCURY LNA RT Kit (Qia-
gen) according to the manufacturer’s instructions. cDNA 
stock solution was diluted 1:60 (volume/volume) and 
3  µl was used for each reaction in 96-well plates. MiR-
CURY LNA SYBR Green PCR Kit together with miR-
CURY LNA miRNA PCR Assays (Qiagen) were used in 
qRT-PCR experiments. The following PCR assays were 
used to detect the expression of miRNAs: miR-15a-5p, 
miR-103a-3p, miR-20b-5p. MiR-103a-3p was used as 
reference miRNA to normalize the miRNA expression 
among different conditions. While small nucleolar RNAs 
might also be considered as reference genes to normal-
ize miRNA expression, they are longer compared to 
miRNAs and may have different processing mechanism. 
These features of small nucleolar RNAs may introduce 
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bias in cDNA synthesis and expression analysis. There-
fore, miR-103a-3p was chosen as the reference miRNA 
based on technical guidelines from Thermo Fisher Sci-
entific (A technical guide to identifying miRNA normal-
izers using TaqMan Advanced miRNA Assays White 
Paper—Publication number COL313020916) and Qiagen 
(miRCURY LNA miRNA SYBR Green PCR Handbook—
Publication number HB-2431-002 10/2019), and previ-
ously published studies [19, 20]. qRT-PCR experiments 
were performed using a LightCycler 96 System (Roche) 
using the following program: Preincubation (95  °C for 
120 s) followed by 45 cycles of 2-step amplification (95 °C 
for 10 s and 56 °C for 60 s) and final melting step. qRT-
PCR results were analyzed, and cycle quantification (Cq) 
values were determined using LightCycler 96 Software 
(Roche). Relative gene expression was calculated using 
the Delta-Delta-Cq method and shown as mean ± stand-
ard error of mean (SEM).

Microscopy analysis of primary human ECs
Primary ECs were analyzed 48  h after transfection 
with miRNA mimics complexed with Lipofectamine 
RNAiMAX. Phase-contrast images of live ECs were taken 
using a 10× objective mounted on a ZEISS Primovert 
microscope equipped with a ZEISS Axiocam microscope 
camera. Images were processed using ZEISS Labscope 
imaging application. Scale bar represents 100 µM.

Results
Transfection of primary ECs with miRNA inhibitors
MiR-15a-5p and its family members are associated with 
different types of cancer and cardiovascular diseases, 
some of which involve ECs [21, 22]. MiR-15a-5p is abun-
dantly expressed in ECs and was selected to study the 
knockdown efficiency of different commercially avail-
able miRNA inhibitors. The performance of three dif-
ferent miR-15a-5p inhibitors was examined: MirVana 
miR-15a-5p inhibitor from Thermo Fisher Scientific, a 
chemically modified single-stranded RNA molecule, and 
two additional miR-15a-5p inhibitors from Qiagen with 
LNA chemistry in their ribose sugars. One LNA miR-
15a-5p inhibitor (Qiagen) had phosphodiester internu-
cleotide bonds (hereafter LNA-PE), and the other had 
phosphorothioate (PS)-modified internucleotide bonds 
(hereafter LNA-PS).

First, we compared the performance of the three 
miR-15a-5p inhibitors when used in a complex with a 
lipid-based carrier, Lipofectamine RNAiMAX, which 
facilitates the delivery of oligonucleotides to cells. MiR-
15a-5p inhibitors were pre-incubated with Lipofectamine 
RNAiMAX for 20  min at room temperature to attain 
oligonucleotide-lipid complexes. Next, elevated concen-
trations of the miR-15a-5p inhibitors (9 nM, 30 nM and 

100  nM) in complex with Lipofectamine RNAiMAX 
were added to a culture of primary ECs. Total RNA 
samples were isolated from transfected cells 48  h after 
transfection and the efficiency of miR-15a-5p knock-
down was evaluated using qRT-PCR. Figure  1A shows 
the effects of MirVana miR-15a-5p inhibitor on the 
expression levels of miR-15a-5p in ECs. While 9 nM had 
a minor effect on the expression of miR-15a-5p, 30  nM 
and 100  nM of the inhibitor reduced the expression of 
miR-15a-5p by approximately 30%. In comparison, both 
LNA-PE and LNA-PS miR-15a-5p inhibitors efficiently 
downregulated the expression of miR-15a-5p (Fig. 1B, C). 
Knockdown efficiency increased to > 90% when the LNA 
miRNA inhibitors were used at 30  nM, and a complete 
knockdown was achieved when used at 100  nM. LNA-
PS miR-15a-5p inhibitor demonstrated the most potent 
inhibitory effect in comparison to the other two inhibi-
tors when used at 9 nM (Fig. 1C).

Next, we tested whether two consecutive transfections 
within 48  h using miR-15a-5p inhibitors would further 
improve the efficacy. Complexes of 30  nM miR-15a-5p 
inhibitors and Lipofectamine RNAiMAX were added to 
EC culture. Following 24  h, a second dose of 30  nM of 
the respective miRNA inhibitor-lipid complexes were 
added to the cell culture. When mirVana miR-15a-5p 
inhibitor was used, the double-transfection protocol 
yielded an approximately 30% inhibition of endogenous 
miR-15a-5p, similar to that observed following single-
transfection protocol. Double-transfection using the two 
LNA miRNA inhibitors resulted in > 99% downregula-
tion of miR-15a-5p expression (Fig.  1D). The viability 
and cell surface expression of CD31 lineage marker in 
ECs was assessed following one-time and double trans-
fection with the miRNA inhibitors. As shown in Addi-
tional file 1: Fig. S1, expression of CD31 and viability of 
ECs was not affected after a one-time transfection or a 
double transfection with mirVana, LNA-PE or LNA-PS 
miR-15a-5p inhibitors complexed with Lipofectamine 
RNAiMAX. Finally, we examined the effect of the differ-
ent miR-15a-5p inhibitors following 24 h incubation. The 
two LNA miRNA inhibitors (30 nM) reduced the expres-
sion of miR-15a-5p in ECs by > 90% (Fig.  1E), whereas 
mirVana miR-15a-5p inhibitor (30 nM) showed a rather 
limited inhibitory effect, reducing the expression of miR-
15a-5p by approximately 30% (Fig.  1E). Taken together, 
LNA-PE and LNA-PS miRNA inhibitors efficiently 
knocked down a highly expressed miRNA in primary ECs 
when delivered with the aid of a lipid-based carrier.

Unassisted uptake of miRNA inhibitors by primary ECs
Oligonucleotides can be delivered directly to cells 
in the absence of a carrier, e.g., Lipofectamine 
RNAiMAX, in a process termed gymnosis. The 
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efficient knockdown of miR-15a-5p by the two LNA 
miRNA inhibitors encouraged us to assess the effi-
ciency of delivering LNA-PE and LNA-PS miR-15a-5p 
inhibitors to primary ECs in the absence of a lipid-
based carrier. To this aim, LNA miRNA inhibitors 
or the respective scrambled control at elevated con-
centration were added directly to the culture media 
of primary ECs. Following 48  h of incubation, cells 
were harvested, total RNAs were extracted, and the 
expression of endogenous miR-15a-5p was analyzed 
using qRT-PCR. LNA-PE miR-15a-5p inhibitor, did 
not affect the expression of miR-15a-5p in primary 
ECs when used at 30  nM (Fig.  2A). Applying LNA-
PE miR-15a-5p inhibitor at 100  nM, 200  nM and 
600  nM directly to the cell culture resulted in 20%, 
30% and 60% downregulation of miR-15a-5p expres-
sion, respectively (Fig. 2A). As shown in Fig. 2B, unas-
sisted uptake of 30 nM LNA-PS miR-15a-5p inhibitor 
reduced the expression of miR-15a-5p by 85%. Higher 

concentration of the LNA-PS miR-15a-5p inhibitor 
reduced the expression level of miR-15a-5p by > 95%.

Unassisted uptake of miRNA inhibitors by primary 
monocytes
Unassisted uptake of LNA miR-15a-5p inhibitors, and 
in particular LNA-PS, effectively downregulated the 
expression of miR-15a-5p in ECs. Next, we wished to 
assess the use of LNA miRNA inhibitors in primary 
human monocytes, used here to model non-prolifera-
tive, non-adherent primary cells. Freshly isolated mono-
cytes were enriched from PBMCs, and their purity was 
determined by flow cytometry (Additional file 1: Fig. S2). 
Next, monocytes were incubated with LNA-PE or LNA-
PS miR-15a-5p inhibitor, or their respective scrambled 
control. Following 48 h, the cells were harvested and the 
expression of endogenous miR-15a-5p was determined 
using qRT-PCR. Notably, the expression level of miR-
15a-5p was reduced by approx. 98% when LNA-PS inhib-
itor was used at 30 nM (Fig. 3B). In comparison, higher 

Fig. 1 The effects of different miR‑15a‑5p inhibitors on the expression of miR‑15a‑5p in primary ECs. ECs were transfected with Lipofectamine 
RNAiMAX in complex with A mirVana, B LNA‑PE or C LNA‑PS miR‑15a‑5p inhibitors and their respective scrambled control at elevated concentration 
(9, 30 and 100 nM). Following 48 h, total RNAs were isolated and expression levels of miR‑15a‑5p and reference miRNA miR‑103a‑3p were measured 
by means of qRT‑PCR. D MiR‑15a‑5p expression following two consecutive transfections, 24 h each, with 30 nM oligonucleotide‑lipid complexes. E 
MiR‑15a‑5p expression in primary ECs following 24 h transfection using oligonucleotide‑lipid complexes at 30 nM. Relative miR‑15a‑5p expression 
was shown as mean ± SEM. N = 3 experiments and N = 2 technical replicates were performed
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concentrations of LNA-PE miR-15a-5p inhibitor were 
required to achieve similar downregulation of the endog-
enous miRNA (Fig.  3A). Taken together, these results 
suggest that LNA-PS miRNA inhibitor with chemically 
modified nucleotide bonds can be used without a lipid-
based carrier to effectively knock down miRNA expres-
sion in human primary cells.

Transfection of primary ECs with miRNA mimics
Next, we assessed the efficiency of lipid-based transfec-
tion and unassisted uptake of miRNA mimics to yield 
overexpression in primary cells. Mimic for miR-15a-5p, 
which is naturally expressed at high levels in primary 
ECs and monocytes was used, as well as a miRNA mimic 
for miR-20b-5p, which is expressed at low levels in these 
cells. MirVana and LNA miRNA mimics were tested as 
both are chemically modified double-stranded RNA 
molecules. As miRNA inhibitors effectively reduced the 

levels of the respective miRNA 48  h after transfection, 
this time point was also selected to evaluate the effects of 
miRNA mimics.

As miR-20b-5p is not expressed in ECs, the relative 
expression of both miR-15a-5p and miR-20b-5p following 
transfection was determined using miR-103a-3p, which 
is abundantly expressed in such cells, as a reference. 
Elevated concentrations of mirVana or LNA miR-15a-5p 
mimic that were delivered to ECs using Lipofectamine 
RNAiMAX as a carrier specifically increased the expres-
sion of miR-15a-5p (Fig.  4A, B); 0.45  nM of both mir-
Vana and LNA miR-15a-5p mimics resulted in 25-folds 
increased expression of miR-15a-5p. Nearly 300-folds 
increase was detected in the expression of miR-15a-5p 
in ECs when mirVana and LNA mimics were used at 
16.7 nM (Fig. 4A, B).

Transfection of ECs with the lowest dose (0.45  nM) 
of either mirVana or LNA miR-20b-5p mimic resulted 

Fig. 2 Expression of miR‑15a‑5p in ECs following unassisted uptake of LNA miR‑15a‑5p inhibitors. ECs were cultured with A LNA‑PE or B LNA‑PS 
miR‑15a‑5p inhibitors and their respective scrambled control at elevated concentration (30, 100, 200 and 600 nM). Following 48 h, total RNAs 
were isolated and expression levels of miR‑15a‑5p and reference miRNA miR‑103a‑3p were measured by means of qRT‑PCR. Relative miR‑15a‑5p 
expression was shown as mean ± SEM. N = 2 experiments and N ≥ 2 technical replicates were performed

Fig. 3 Expression of miR‑15a‑5p in primary monocytes following unassisted uptake of LNA mir‑15a‑5p inhibitors. Monocytes were cultured with A 
LNA‑PE or B LNA‑PS miR‑15a‑5p inhibitors and their respective scrambled control at elevated concentration (30, 100, 200 and 600 nM). Following 
48 h, total RNAs were isolated and expression levels of miR‑15a‑5p and reference miRNA miR‑103a‑3p were measured by qRT‑PCR. Relative 
miR‑15a‑5p expression was shown as mean ± SEM. N ≥ 3 experiments N ≥ 2 technical replicates were performed
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in approximately 1.5-folds increased expression of miR-
20b-5p. Using 16.7 nM of mirVana or LNA miR-20b-5p 
mimic resulted in an increased expression of 20–25-
folds of miR-20b-5p in the transfected cells (Fig. 4C, D). 
Importantly, transfection of ECs with mirVana or LNA 
scrambled control did not affect the expression of either 
miR-15a-5p or miR-20b-5p. Gross morphological analy-
sis of transfected ECs using a light microscope showed 
that Lipofectamine RNAiMAX, mirVana miRNA mimics 
or LNA miRNA mimics didn’t affect cell viability (Addi-
tional file  1: Fig. S3A). Flow cytometry analysis of cell 
surface protein and cell viability validated the expression 
of CD31 lineage marker and viability of ECs when trans-
fected with Lipofectamine RNAiMAX and 5 nM of mir-
Vana or LNA miRNA mimics (Additional file 1: Fig. S3B).

Unassisted uptake of miRNA mimics by primary ECs
Next, we tested whether such miRNA mimics can be 
delivered to ECs without the assistance of a lipid-based 
carrier. MirVana and LNA miRNA mimics for miR-
15a-5p and miR-20b-5p were added to cell culture at 

5 nM, 25 nM and 100 nM and the expression of miRNAs 
was analyzed by qRT-PCR following 48  h. As shown in 
Fig.  5A, the expression of miR-15a-5p was elevated in 
ECs following unassisted uptake of the specific mirVana 
mimic, yet to a lesser extent in comparison to transfec-
tion with Lipofectamine RNAiMAX. MiR-20b-5p mimic 
from mirVana did not affect the expression levels of the 
respective miRNA (Fig.  5C). Unassisted uptake of LNA 
miR-15a-5p mimic and miR-20b-5p mimic did not affect 
the expression levels of miR-15a-5p and miR-20b-5p 
(Fig. 5B, D).

Transfection of primary monocytes with miRNA mimics
As unassisted uptake of miRNA mimics in ECs yielded 
no effective increase of miRNA expression, we tested the 
efficiency of transfecting primary monocytes with miR-
15a-5p and miR-20b-5p mimics using Lipofectamine 
RNAiMAX as a carrier. Transfection of primary mono-
cytes with increased concentrations of mirVana or 
LNA miR-15a-5p mimics upregulated the levels of the 

Fig. 4 Expression of miR‑15a‑5p and miR‑20b‑5p in primary ECs following transfection of the respective miRNA mimics. ECs were transfected 
with mirVana miRNA mimic for A miR‑15a‑5p and C miR‑20b‑5p or their respective scrambled control at elevated concentration (0.45, 1.5, 5 and 
16.7 nM) using Lipofectamine RNAiMAX as a carrier. In addition, ECs were transfected with LNA miRNA mimic for B miR‑15a‑5p and D miR‑20b‑5p 
or their respective scrambled control at elevated concentration (0.45, 1.5, 5 and 16.7 nM) using Lipofectamine RNAiMAX as a carrier. Following 48 h, 
total RNAs were isolated and expression levels of miR‑15a‑5p, miR‑20b‑5p and reference miRNA miR‑103a‑3p were measured by qRT‑PCR. Relative 
expression levels of miR‑15a‑5p and miR‑20b‑5p in comparison to miR‑103a‑3p were shown as mean ± SEM. N = 3 experiments and N = 3 technical 
replicates were performed
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respective miRNA in primary monocytes (Fig. 6). Using 
mirVana or LNA miR-15a-5p mimic at 16.7  nM effi-
ciently increased the expression of miR-15a-5p in 150- 
and 200-folds, respectively (Fig. 6A, B).

The measured endogenous expression of miR-20b-5p in 
primary monocytes was 0.0005-fold lower in comparison 
to miR-103a-3p, which was used as the reference miRNA. 
Transfection of monocytes with 0.45  nM mirVana or 
LNA miR-20b-5p mimic resulted in average 0.53–2.21-
folds expression of miR-20b-5p in comparison to miR-
103a-3p (reference miRNA); this is an effective growth 
of more than 1000-folds in the levels of miR-20b-5p in 
the transfected monocytes (Fig.  6C, D). Transfection of 
mirVana or LNA miR-20b-5p mimic using the highest 
concentration (16.7 nM) resulted more than 9-folds and 
33-folds expression of miR-20b-5p, respectively, relative 
to miR-103a-3p (Fig.  6C, D). We next assessed effects 
of transfection on monocyte lineage markers and cell 
viability. Analysis of cell surface proteins on monocytes 
transfected with Lipofectamine RNAiMAX and miRNA 
mimics showed that monocytes express similar levels 
CD14 and CD63 lineage markers 48 h after transfection 

with 5  nM of mirVana or LNA miRNA mimics (Addi-
tional file  1: Fig. S4A). Flow cytometry analysis of cell 
viability showed no toxicity on monocytes when trans-
fected with Lipofectamine RNAiMAX and 5  nM of 
mirVana or LNA miRNA mimics (Additional file 1: Fig. 
S4B). Taken together, these results showed that delivery 
of miRNA mimics with mirVana and LNA chemistry are 
both efficient to increase miRNA levels in ECs and pri-
mary monocytes when delivered with lipid preparations.

Discussion
In this study, we investigated performance of commer-
cially available miRNA inhibitors and mimics in human 
primary cells, with or without the use of a lipid-based 
carrier. Three different chemically modified miRNA 
inhibitors of miR-15a-5p, and two distinct miR-15a-5p 
and miR-20b-5p mimics were transfected into primary 
ECs, which were used as a model for proliferating adher-
ent cells. In addition, the performance of the miRNA 
inhibitors and mimics was further validated in primary 
human monocytes, being non-proliferating and non-
adherent cells. Our findings suggest that LNA miRNA 

Fig. 5 Expression of miR‑15a‑5p and miR‑20b‑5p in primary ECs following unassisted uptake of the miRNA mimics. ECs were cultured with elevated 
concentration (5, 25 and 100 nM) of mirVana miRNA mimic for A miR‑15a‑5p and C miR‑20b‑5p or their respective scrambled control. ECs were also 
cultured with identical concentration of LNA miRNA mimic for B miR‑15a‑5p and D miR‑20b‑5p, or their respective scrambled control. Following 
48 h, total RNAs were isolated and expression levels miR‑15a‑5p, miR‑20b‑5p and reference miRNA miR‑103a‑3p were measured by qRT‑PCR. 
Relative expression levels of miR‑15a‑5p and miR‑20b‑5p in comparison to miR‑103a‑3p were shown as mean ± SEM. N = 2 experiments and N ≥ 2 
technical replicates were performed



Page 9 of 12Caglayan et al. BMC Immunology            (2023) 24:5  

inhibitors are superior when delivered with a lipid-based 
carrier. More specifically, LNA-PS miRNA inhibitor 
with chemically modified nucleotide bonds can be used 
without a lipid-based carrier to effectively knock down 
miRNA expression in human primary cells. Delivery of 
miRNA mimics to primary ECs and monocytes was effi-
ciently achieved using either mirVana or LNA chemistry 
when performed with lipid preparations.

MiRNAs are essential for post-transcriptional gene 
regulation and subsequent cell function, and their dys-
regulation is associated with various diseases [3–5]. 
Downregulation or overexpression of specific miRNAs 
in  vitro, or in a living organism, are essential to study 
the role of miRNAs in physiology and pathology. Several 
studies explored the effects of specific miRNAs using 
miRNA inhibitors and mimics with different oligonucleo-
tide chemistries and doses. Most of these studies, how-
ever, were performed in cell lines and used lipid-based 
carriers [23–25]. It is therefore unclear whether lipid-
based carriers are essential to deliver miRNA inhibitors 
and mimics to cells. Consequently, data regarding the 
concentration of miRNA inhibitors and mimics that can 

be used in human primary cells are lacking. Therefore, we 
tested three different miRNA inhibitors and two different 
miRNA mimics in primary human ECs and monocytes 
using two different delivery methods.

Deletion or silencing of miR-15a/16-1 cluster is found 
in several blood disorders in humans [26–28]. Deletion of 
miR-15a/16-1 cluster results in blood disorders in mice 
confirming the causative role of miR-15a/16-1 in human 
diseases and highlighting the role of miRNA cluster in 
functional regulation of blood cells [29–31]. The physi-
ological role of miR-15a/16-1 is, however, tissue-specific 
as endothelium-specific deletion of miR-15a/16-1 clus-
ter improves brain function and blood–brain barrier 
structure after brain injury [21, 22]. These findings sug-
gest that gain- and loss- of function of miR-15a used as 
a therapeutic target in a tissue-specific manner. In con-
trast to miR-15a, the expression level of miR-20b is low 
in healthy cells [32]. An increased expression of miR-20b 
was shown in tissue samples from several different types 
of cancers [33, 34].

In this work we have explored in detail the concentra-
tion that are needed to effectively achieve downregulation 

Fig. 6 Expression of miR‑15a‑5p and miR‑20b‑5p in primary monocytes following transfection of the respective miRNA mimics. Monocytes 
were transfected with elevated concentration (0.45, 1.5, 5 and 16.7 nM) of mirVana miRNA mimic for A miR‑15a‑5p and C miR‑20b‑5p, or their 
respective scrambled control using Lipofectamine RNAiMAX as a carrier. In addition, monocytes were transfected with Lipofectamine RNAiMAX in 
complex with LNA miRNA mimic for B miR‑15a‑5p and D miR‑20b‑5p, or their respective scrambled control at elevated concentration (0.45, 1.5, 5 
and 16.7 nM). Following 48 h, total RNAs were isolated and expression levels of miR‑15a‑5p, miR‑20b‑5p and reference miRNA miR‑103a‑3p were 
measured by qRT‑PCR. Relative expression levels of miR‑15a‑5p and miR‑20b‑5p in comparison to miR‑103a‑3p were shown as mean ± SEM. N ≥ 3 
experiments and N ≥ 3 technical replicates were performed
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or overexpression of specific miRNAs. We showed that 
the effectiveness of miR-15a-5p inhibitors to downregu-
late the target miRNA levels varies with different chem-
istries. Our analysis shows that LNA miRNA inhibitors 
effectively knocked down their target miRNA when used 
at 30 nM following 24 h. In comparison, mirVana miRNA 
inhibitor modestly downregulated miR-15a-5p levels, 
even when administrated at a concentration as high as 
100  nM, neither following longer incubation, nor using 
two consecutive transfections. In line with our findings, 
variable inhibition of miRNA levels was achieved using 
mirVana miRNA inhibitors [12]. The authors delivered 
miRNA inhibitors against miR-424-5p, miR-29a-3p and 
miR-16-5p to ECs with Lipofectamine RNAiMAX and 
used 90  nM of miRNA inhibitors which is close to the 
highest dose (100 nM) we tested in transfection experi-
ments. Their results showed significant downregula-
tion of all tested miRNAs, though they only achieved 
50% downregulation of one of the miRNAs. MirVana 
miRNA inhibitors were recently used in a different study 
at 10  nM to silence miRNA expression in HEK293 cell 
line, where the targeted miRNA levels were analyzed at 
48 h after transfection [24]. Another study reports trans-
fection of HEK293T and DAOY cell lines with mirVana 
miRNA inhibitors using 200  pmol and analysis at 72  h 
after transfection [23]. While levels of target miRNAs 
after transfection experiments were not reported in these 
studies, it is possible that silencing with certain miRNA 
inhibitors are more efficient in cell lines compared to pri-
mary cell cultures.

Efficiency, safety, and cost-effectiveness should be con-
sidered before determining the most suitable strategy for 
inhibition or overexpression of miRNAs in functional 
studies or therapeutic approaches. Chemically modi-
fied synthetic miRNA inhibitors and mimics are among 
the approaches that were developed to control miRNA 
expression. While high production costs might limit 
their use [35], synthetic miRNA inhibitors and mim-
ics are readily available to use in experimental settings. 
Transfection conditions and concentrations, however, 
may need to be adjusted according to the target cellular 
system. Vector-based systems to inhibit or overexpress 
target miRNAs were developed as alternative approaches 
to synthetic oligonucleotides [36, 37]. MiRNA sponges, 
which are plasmid DNA-encoded miRNA inhibitors, 
contain multiple tandem miRNA binding sites to com-
petitively inhibit miRNA function [37, 38]. Alternatively, 
miRNA or anti-miRNA sequences can be inserted into 
plasmid vectors and delivered to cells to modify miRNA 
expression. Such vector-based miRNA inhibitors or 
mimics can provide efficient, sustained, and inducible 
expression in controlling target miRNAs. However, effi-
cient delivery and strong expression of plasmid DNA 

vectors in primary cells and tissues are usually achieved 
by inserting these vectors into viral expression systems 
[25, 38]. Production of high-titer virus particles and 
maintenance of a cell culture laboratory in accordance 
with biosafety regulations might decrease cost-effective-
ness of this strategy. Moreover, random genetic integra-
tion of viral vectors, e.g., lentiviral expression systems, 
may result in insertional mutagenesis in target cells.

Cellular delivery strategy is one of the most important 
factors affecting clinical success of oligonucleotide thera-
peutics. One of these delivery methods is intracellular 
delivery of antisense oligonucleotides in the absence of 
a lipid-based carrier or molecular conjugation to silence 
gene expression (39). Oligonucleotides were modified 
chemically (e.g., LNA substitution and phosphorothio-
ate modification) to increase their nuclease resistance 
and gene silencing efficiency [40]. This method, which 
is termed gymnosis, was shown as an efficient way to 
silence gene expression in cell lines using antisense oli-
gonucleotides [39, 40]. Nevertheless, the efficiency of 
gymnosis in delivery of miRNA inhibitors or mimics to 
human primary cells has not been reported previously. 
Here, we compared the performance of LNA miR-15a-5p 
inhibitors with two different chemical structures in the 
absence of a lipid-based carrier. LNA-PS miRNA inhibi-
tor efficiently downregulated the endogenous levels of 
miR-15a-5p, achieving over 95% downregulation when 
used at 100 nM in ECs and 30 nM in primary monocytes. 
Such unassisted delivery of an LNA miR-155 inhibitor 
was previously tested in low-grade lymphoma cell lines 
[41]. The authors used a high concentration of the inhibi-
tor (25  µM) in comparison to concentrations that were 
examined in this work to attain an efficient inhibition of 
the respective miRNA. It should be noted, however, that 
the authors used an LNA-PE miRNA inhibitor, which we 
found to be less effective. In our hands, 600 nM of LNA-
PE inhibitor showed a modest efficiency when delivered 
to primary ECs and monocytes without the assistance of 
a lipid-based carrier. It is important to note that although 
unassisted delivery of LNA-PS miR-15a-5p inhibitor 
to both ECs and monocyte was highly efficient, it may 
require longer transfection time, as gymnosis requires 
physiological uptake of the oligonucleotides by the cells.

The reported efficiency of transfecting cells with 
miRNA mimics varies and can be affected by several 
factors, with the main ones being the reagents and con-
centrations that were used, and the harvesting time. The 
transfection reagents are commonly used for intracellular 
delivery of oligonucleotides and can be source of cellular 
toxicity. Screening of commercially available transfection 
reagents showed that Lipofectamine RNAiMAX is a bet-
ter option for the majority of cells due to its low cytotox-
icity [42]. Lipofectamine RNAiMAX was also used in this 
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study. Indeed, microscopic and flow cytometry analysis 
of cell viability and surface markers showed that Lipo-
fectamine RNAiMAX had no harmful effects on primary 
cells.

Although functional dissection of the role of miRNA 
following upregulation using miRNA mimics can be per-
formed in cell lines [23–25], studies of human primary 
cells are more relevant to delineate physiological roles 
of miRNAs. However, little work has been performed 
using miRNA mimics in human primary cells. In one 
study using, LNA miR-199a-5p mimic was transfected to 
primary ECs [43]. The authors used 20 nM of LNA miR-
199a-5p mimic and achieved 60-folds overexpression of 
the miRNA 28 h after transfection. In another study, pri-
mary human hepatocytes were transfected with 25  nM 
of miR-125b-5p mimic [44]. In this work, we achieved 
a similar level of overexpression using 1.5  nM of either 
mirVana or LNA miR-15a-5p mimic when delivered 
with a lipid-based carrier. Unlike miRNA inhibitors, 
unassisted delivery of miRNA mimics was found to be 
inefficient. One reason that prevents uptake of miRNA 
mimics by the cells without lipid-based carriers may be 
their chemical structure. While miRNA inhibitors are 
single-stranded oligonucleotides, miRNA mimics are 
synthesized as double or triple stranded oligonucleotides 
to enhance their cellular processing as endogenous miR-
NAs. Another factor that facilitates the gymnotic uptake 
of particularly LNA-PS miRNA inhibitors is the phos-
phorothioate internucleotide bonds, making the miRNA 
inhibitor more resistant to nucleases. MiRNA mimics 
include LNA-enhanced passenger strands to increase 
their efficiency though the strands contain natural phos-
phodiester bonds and are not further enhanced by phos-
phorothioate bonds.

In this study, we evaluated kinetics of three different 
miRNA inhibitors of miR-15a-5p and two different mim-
ics of miR-15a-5p and miR-20b-5p in primary human 
ECs and monocytes. Our results provide an optimized 
workflow to achieve efficient knockdown or overexpres-
sion of miRNAs in human primary cells and can be a 
valuable resource for pharmacokinetic studies targeting 
miRNAs and their role in human diseases.
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