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Abstract 42 

 43 

MicroRNAs (miRNAs) are post-transcriptional gene expression regulators with potential 44 

therapeutic applications. miR-146a is a negative regulator of inflammatory processes in both 45 

tissue-resident and specialized immune cells and may therefore have therapeutic effect in 46 

inflammatory skin diseases. PepFect (PF) and NickFect (NF) type of cell-penetrating peptides 47 

(CPPs) have previously been shown to deliver miRNA mimics and/or siRNAs into cell cultures 48 

and in vivo. Here, we first demonstrate that selected PF- and NF-type of CPPs support delivery 49 

of fluorescent labelled miRNA mimics into keratinocytes (KCs) and dendritic cells (DCs). 50 

Second, we show that both PF- and NF-miR-146a nanocomplexes were equally effective in KCs, 51 

while NFs were more efficient in DCs as assessed by downregulation of miR-146a-influenced 52 

genes. None of miRNA nanocomplexes with the tested CPPs influenced the viability of KCs and 53 

DCs nor caused activation of DCs according to CD86 and CD83 markers. Transmission electron 54 

microscopy analysis with Nanogold-labelled miR-146a mimics and assessment of endocytic 55 

trafficking pathways revealed endocytosis as an active route of delivery in both KCs and DCs 56 

for all tested CPPs. However, consistent with the higher efficiency, NF-delivered miR-146a was 57 

detected more often outside endosomes in DCs. Finally, pre-injection of NF71:miR-146a 58 

nanocomplexes was confirmed to suppress inflammatory responses in a mouse model of 59 

irritant contact dermatitis as shown by reduced ear swelling response and downregulation of 60 

pro-inflammatory cytokines, including IL-6, IL-1β, IL-33 and TNF-α. In conclusion, NF71 61 

efficiently delivers miRNA mimics into KCs as well as DCs, and therefore may have advantage in 62 

therapeutic delivery of miRNAs in case of inflammatory skin diseases.   63 Jo
urn

al 
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pro
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INTRODUCTION 64 

Therapeutic applications targeting the immune system have been of great interest in the last 65 

years, however, the gap in knowledge on delivery into primary immune cells is still a 66 

challenge1,2. One of the central pathways activated during many immune system associated 67 

conditions is the NF-κB inflammatory signalling pathway3. The controlled modulation of the 68 

NF-κB signalling could possibly have therapeutic effect in numerous immune system 69 

associated diseases and would be an alternative to antibody-based therapies targeting cells 70 

surface receptors or extracellular mediators4. 71 

Inflammatory skin diseases, such as atopic dermatitis or psoriasis, are lifelong conditions that 72 

severely impair life quality and affect up to 5% of the adult population in the developed 73 

countries5,6. These diseases associate with sensitization of the immune system to 74 

environmental and/or intrinsic factors and result in a complex changes in interplay among 75 

keratinocytes (KCs), immune cells and inflammatory mediators in the skin7
.
  Current therapies 76 

are focused on neutralizing disease-related cytokines or chemokines using biologics8, but 77 

targeting of immune cells instead, such as dendritic cells (DCs), could be an alternative 78 

approach to overcome safety issues and a great advantage allowing the modulation of 79 

adaptive immune responses involved in the development of these skin diseases. DCs as 80 

antigen-presenting cells could modulate adaptive immunity through interaction with T cells 81 

and production of cytokine and chemokine9. 82 

MicroRNAs (miRNAs), a family of small endogenous noncoding RNAs, are post-transcriptional 83 

gene expression regulators involved in many biological processes. Several miRNAs have been 84 

related to inflammatory diseases and have potential therapeutic applications10. miR-146a plays 85 

an important role in the negative regulation of inflammatory responses: it acts as a feedback 86 

suppressor of the NF-κB pathway in KCs11,12,13 and has been shown to be upregulated in 87 

Langerhans cells (LCs) as compared to inflammatory DCs14. In the skin, all these cell types, KCs, 88 

LCs and DCs can be considered the main cell types subjected to therapeutic targeting. DCs 89 

have been already used for different cancer therapies15 and siRNA delivery into DCs has been 90 

achieved as well16. However, little is known about the delivery of miRNAs into DCs, as well as 91 

the influence of different delivery methods on the properties of DCs is not well studied. The 92 

delivery of miR-146a mimics, synthetic analogues of the endogenous miR-146a, to achieve the 93 

increase in miR-146a levels in these cells would be a potential therapeutic application to 94 

decrease skin inflammation.  95 
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The main challenge to surpass when delivering nucleic acids (NAs) is their limited ability to 96 

penetrate cell membranes due to their negative charge. To date, a vast number of substances 97 

have been used to develop NA delivery systems, including peptides17, but there is still great 98 

need for efficient, safe and specific methods for in vivo delivery of any type of NAs, including 99 

miRNA mimics18. Efficient internalization of therapeutic agents, without cytotoxicity or 100 

immunogenic effects, into target cells is very important to gain the desired therapeutic effect, 101 

especially when the purpose is to target unwanted inflammation.  102 

Cell-penetrating peptides (CPPs) are a broad group of short peptides with membrane 103 

translocation activity, which have been successfully applied in vitro and in vivo to deliver 104 

potentially therapeutic molecules, including DNA, RNA, siRNA19 and recently also miRNA 105 

mimics20,21 into different cell types with minimal toxicity. CPPs condense the negatively 106 

charged NAs into self-forming non-covalent complexes through electrostatic interactions and 107 

thereby successfully deliver NAs into the cells. The uptake mechanism of CPPs is not fully 108 

understood, but various types of endocytosis have been suggested, depending on CPP, cargo, 109 

cell-type and treatment conditions22,23
. During endocytosis, each vesicular trafficking event 110 

involves membrane budding characterized by the formation of spherical vesicles from flat 111 

membrane areas typically followed by regulated transport. Endocytosis is traditionally divided 112 

into macropinocytosis, clathrin- or caveolin-mediated endocytosis and clathrin- or caveolin-113 

independent endocytosis that differ in the composition of the coat, the size of the detached 114 

vesicles, and the fate of internalized particles24. Despite the cell-penetrating ability of CPPs, 115 

low delivery efficiency is common and achieving effective delivery is still a challenge, especially 116 

into immune cells. It should also be noted that a very few studies have been performed to 117 

study endocytic or trafficking pathways in specialized immune cells25. Moreover, elucidating 118 

cellular delivery mechanisms in different cell types may contribute to the development of 119 

proper 3R (reduction, replacement and refinement) workflows that potentially enable to 120 

reduce the amount of animal experiments in future26. 121 

In the last decade, several CPP modifications, such as addition of different fatty acids in N-122 

terminus27 or changes in the sequence to enhance helicity of their structure28 have been used 123 

to enhance CPP activity. Examples are different PepFect (PF) and NickFect (NF) type peptides, 124 

which are active in siRNA delivery in multiple cell types and/or in vivo. PF-type and NF-type of 125 

CPPs are transportan (TP) analogues for in vitro application29,30,31. In addition, amphipatic 126 

Mgpe type peptides derived from phosphatase E, such as Mgpe9, have been previously 127 

described to be useful in delivery of NAs into the skin32. In the current study, these CPPs were 128 

chosen as carriers and miR-146a mimics were used as test miRNA to assess the efficiency, 129 
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safety and trafficking pathways in human primary KCs and in vitro differentiated DCs. In 130 

addition, the effect of NF71:miR-146a nanocomplexes, which had good characteristics both in 131 

KCs and DCs, were tested in vivo in a mouse model of irritant contact dermatitis.  132 

EXPERIMENTAL PROCEDURES 133 

Cell cultures 134 

Pooled primary human epidermal KCs (Promocell, Germany) were seeded at 2x104 KCs per well 135 

on 12-well plates in 1 mL of Keratinocyte-SFM medium with supplements (Life Technologies, 136 

Carlsbad, CA, USA) 24 h before transfection and incubated at 37 °C in 5% CO2. Human 137 

monocyte-derived dendritic cells (mo-DCs) were prepared from blood as previously 138 

described33. Blood samples were obtained from Blood Centre of Tartu University Hospital from 139 

healthy blood donors who all gave a written informed consent. The study was approved by 140 

Ethics Review Committee on Human Research of the University of Tartu (Approval 166/T-10). 141 

“Buffy coat” blood samples were centrifuged using a density gradient on Ficoll-PaqueTM Plus 142 

(GE Healthcare, UK), peripheral blood mononuclear cells (PBMCs) fraction was obtained and 143 

monocytes (MOs) were purified by positive sorting using anti-CD14-conjugated magnetic 144 

microbeads (Miltenyi Biotech, Germany). MOs were differentiated into DCs at a concentration 145 

of 1 million cells per mL on 24-well plates in RPMI 1640 medium supplemented with 2 mM L-146 

glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin and 10% FBS (all from PAA 147 

Laboratories, Canada) in the presence of 50 ng/mL GM-CSF and 25 ng/mL IL-4 (both from 148 

PeproTech, UK) for 6 days before transfection and incubated at 37 °C in 5% CO2. GM-CSF/IL-4-149 

dependent monocyte-derived DCs share many characteristics with inflammatory dendritic 150 

epithelial cells in vivo
14. 151 

Cell-penetrating peptides 152 

A series of PepFect (PF: PF14 and C22PF14), NickFect (NF: NF55, NF70, NF71 and NF72) and 153 

MGPE (MGPE9 and stearyl-MGPE9 (s-MGPE9)) type of cell-penetrating peptides were used 154 

(Table 1). PF- and NF-type CPPs are chemically derived from TP-10 29 and MGPE-type is derived 155 

from human protein phosphatase 1E34. PF14 and C22PF14 were ordered via Pepmic (Jiangsu, 156 

China). All other peptides were synthesized on automated peptide synthesizer (Biotage 157 

Initiatior+ Alstra, Sweden) using fluorenylmethyloxycarbonyl (Fmoc) solid-phase peptide 158 

synthesis strategy as previously described22,35. Peptides were purified by reverse-phase liquid 159 

chromatography on C4 column (Phenomenex Jupiter C4, 5 μm, 300 A, 250 × 10 mm) using a 160 
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gradient of acetonitrile/water containing 0.1% TFA. The molecular weight of the peptides was 161 

determined by MALDI-TOF mass spectrometry (Brucker Microflex LT/SH, USA).  162 

Transfection of miRNA mimics 163 

Peptides were incubated with miRNA mimic at a 17:1 CPP:miRNA molar ratio (MR) in MQ-164 

water in 1/10 of final treatment volume at room temperature (RT) for 1 h to form CPP:miRNA 165 

complexes; mixed with media and added to the cells after removing the old growth media as 166 

previously described20. Transfections were performed at 30 nM or 100 nM (miRIDIAN 167 

microRNA Mimic Negative Control #1 and miRIDIAN microRNA hsa-miR-146a mimic; all from 168 

Thermo Fisher Scientific, USA) concentration of miRNA mimics in KCs and DCs, respectively, for 169 

48 h or 24 h. Transfection using commercial Lipofectamine2000 (LF2000) reagent (Invitrogen, 170 

USA) was conducted as a positive control following manufacturer’s instructions. When 171 

indicated, KCs were stimulated with interferon-γ (IFN-γ) using 20 ng per mL concentration and 172 

DCs with lipopolysaccharide (LPS) using 1 μg per mL concentration. Cells were harvested with 173 

Qiazol (Qiagen, Germany) and kept at -80ºC until RNA extraction.  174 

Transfection of fluorescently-labelled miRNA mimics for internalization assessments and 175 

endosome marker detection 176 

Cells were seeded onto glass coverslips and incubated with CPPs:miRNA nanocomplexes as 177 

described in the previous paragraph. For confocal imaging, transfections were performed using 178 

DyLight547-labelled miRNA mimic at a concentration of 60 nM (Dy-547 labeled miRIDIAN 179 

microRNA Mimic Transfection Control #1 from Thermo Fisher Scientific, USA) for 24 h in KCs 180 

and DCs. Thereafter, cells were washed in PBS and fixed with 4% paraformaldehyde (PFA) for 181 

10 minutes. Cell membrane was counterstained with wheat germ agglutinin (WGA; Thermo 182 

Fisher Scientific, USA) and nucleus with 4’,6-diamidino-2-phenylindol (DAPI; Roche, 183 

Switzerland). For endosome marker detection, after fixing, the cells were permeabilized with 184 

0.2% Triton and blocked with 2%FBS in 1X PBS. The primary antibodies, anti-human-early 185 

endosome marker 1 (EEA1) and anti-human-lysosome marker (LAMP2), were used for cell 186 

staining followed by AF488-anti-mouse and AF488–anti-rabbit secondary antibodies. Finally, 187 

coverslips were reversely mounted using fluorescent mounting media (DAKO; Agilent 188 

Technologies, USA) onto slides. Images were taken at 60x/1.40 oil objective at 1024x1024 pixel 189 

resolution using a confocal laser scanning microscope (Olympus FV1200MPE; Olympus 190 

Corporation, Japan), analysed and processed with ImageJ software 191 

(http://imagej.nih.gov/ij/index.html; public domain, NIH, USA) and Adobe Photoshop (Adobe 192 

652 Systems, Inc., San Jose, CA, USA). Lysosensor Green (acidic vesicle-marker; ThermoFisher 193 
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Scientific, USA) was added into the media on the cells after transfection and live-cell images 194 

were taken using an inverted confocal microscope (Zeiss LSM710; Carl Zeiss AG, Germany). 195 

Relative colocalization was assessed with M2 coefficient (ImageJ software). 196 

Synthesis of unlocked nucleic acid (UNA)-modified miRNAs 197 

The UNA-modified miR-146 mimics (Table 2) were synthesized on an automated nucleic acid 198 

synthesizer, a PerSeptive Biosystems expedite 8909, using the phosphoramidite approach and 199 

following manufacturer's standard protocols. The syntheses were performed in 1.0 μmol scale 200 

on polystyrene Glen Unysupport (Glen Research #26-5040-10) for the synthesis of miR-146a-201 

uUNA (NAC8605), or 3’-thiol-modifier C3 S-S CPG support (Glen Research #20-2933-41) for the 202 

synthesis of miR-146a-Nanogold (NG) (NAC8882) and miR-146a-Cy5 (NAC9041), respectively. 203 

Standard RNA synthesis conditions of the synthesizer were used for the incorporation of RNA 204 

and UNA monomers using DCI (4,5-dicyanoimidazole) as an activator, and the stepwise 205 

coupling yield of unmodified RNA as well as UNA monomers were >99% based on the 206 

absorbance of the dimethoxytrityl cation released after each coupling step. Following standard 207 

RNA deprotection, purification and workup, the composition and purity (>80%) of the resulting 208 

oligonucleotides was confirmed by MALDI-MS analysis and ion exchange HPLC. Reactive thiol 209 

in miRNA-146a mimic was obtained by disulfide reduction using a buffered DTT (dithiothreitol) 210 

solution according to manufacturer's standard protocols. Next, the miRNA-146a (SH) was 211 

coupled with sulfo-cyanine5-maleimide (Lumiprobe #13380) to give the miRNA-146a-Cy5 using 212 

the manufacturer's recommended protocol. 213 

Transfection of NG-labelled miRNA mimics and transmission electron microscopy (TEM) 214 

MiRNA mimic containing thiol modifier C3 S-S (NAC8882, 49.8 nmoles) was  associated with 215 

NG as described earlier36. After removal of protection from the thiol group by reduction with 216 

DTT, NAC8882 was covalently labelled with monomaleimido NG (d1.4 nm; Nanoprobes Inc., 217 

NY). The miRNA mimic NG 1:1 conjugate was purified from unreacted free mimic and NG label 218 

by gel filtration on Superdex 30. The concentration of conjugate was calculated based on the 219 

absorption at 420 nm (NG) and its complexes with peptides were formed as described above. 220 

Cells were seeded onto glass coverslips and incubated with CPP:miRNA mimic complexes as 221 

described in the previous paragraphs. Transfections were performed at a NG-tagged miR-146a 222 

mimic concentration of 60 nM for 4 h in KCs and DCs. After incubation, coverslips with cells 223 

were washed with cacodylate buffer (pH 7.4) and fixed with 2.5% glutaraldehyde at RT for 1 h. 224 

To visualize the NG label in cells by TEM, it was magnified by silver enhancement (HQ Silver Kit, 225 

Nanoprobes Inc, NY) to about 10-12 nm size and stabilized with 0.05% gold chloride. After 226 
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post-fixation with osmium tetroxide the cells were dehydrated with ethanol and embedded in 227 

epoxy resin (TAAB Laboratories Equipment Ltd., UK). The specimens were cut into ultrathin 228 

sections and contrasted with uranyl acetate and lead citrate36. The sections were examined 229 

with Tecnai G2 SpiritTM transmission electron microscope (FEI, The Netherlands) and 230 

microphotos were analysed and processed with Adobe Photoshop CS4 software.  231 

Transfection of siRNA mimics 232 

DCs transfections were performed using siRNA mimics at a concentration of 60 nM [Silencer 233 

Select Negative Control Nº1 siRNA and Pre-designed siRNA hsa-IRF1 (all from Thermo Fisher 234 

Scientific, USA)] for 24 h following the same instructions as described for miRNA mimics 235 

transfection.  236 

Inhibition of endocytosis 237 

Peptides were incubated with miRNA mimic and transfections were performed as described 238 

above in KCs and DCs, respectively, for 24 h. When indicated, different inhibitors of 239 

endocytosis were used for 30 min to block the following endocytic pathways just before 240 

transfection as follows: 10 μM chlorpromazine to block clathrin-mediated endocytosis, 50 μM 241 

nystatin to block caveolin-mediated endocytosis and either 4 μM cytochalasin D or 50 μM 5-242 

(N-ethyl-N-isopropyl)-Amiloride (EIPA) to block macropinocytosis. Cells were harvested with 243 

Qiazol (Qiagen, Germany) and kept at -80ºC until RNA extraction.  244 

RNA purification and quantitative RT-PCR 245 

RNA was purified using Qiazol (Qiagen, Germany) and Total RNA Zol-out kit (A&A 246 

Biotechnology, Poland) in case of cell cultures and Total RNA Zol-out D kit (A&A Biotechnology, 247 

Poland) in case of mouse tissue. To maintain small RNA fraction, a 1:1 ratio of isopropanol was 248 

added to the samples before loading them onto the kit columns. The concentration and quality 249 

of RNA was assessed with NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, 250 

USA). cDNA from 300-500 ng of total RNA was synthesized using oligo(dT), RiboLock RNase 251 

Inhibitor, RevertAid and dNTP Mix according to the manufacturer's protocol (Thermo 252 

Scientific, USA). Real-time qPCR (RT-qPCR) was performed in triplicates with 5xHOT FIREPol 253 

EvaGreen qPCR Supermix (Solis BioDyne, Estonia) and the primers from TAG Copenhagen 254 

(Supplementary Table S1) using ViiA™ 7 Real-Time PCR system (Applied Biosystems, USA). The 255 

relative gene expression levels were normalized according to the level of elongation factor 1 256 

alpha (EF1A) in case of cell cultuers and beta-2 microglobulin (B2M) in case of mouse samples 257 
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and calculated using the comparative Ct (ΔΔCt) method. The mean level of non-transfected 258 

cells or control experiments was equalized to 1.  259 

Cell viability assay 260 

KCs were seeded at density of 5 x 103 cells per well on 96-well plate and cultured for 24 h 261 

before transfection. DCs were cultured for 6 days before transfection starting from 1 x 105 cells 262 

per well of 96-well plates. All transfections were performed for 72 h, otherwise as described in 263 

the paragraph of miRNA mimics transfection description. Cell proliferation assay was 264 

performed according to manufacturer’s instructions using CellTiter- Glo Luminescent Cell 265 

Viability Assay (Promega, USA) and analysed with VICTOR X5 reader and Workout 2.5 software 266 

(Perkin Elmer, USA). Cell viability percentage was calculated as: transfected cell sample 267 

(luminescence units) / non-transfected cell samples average (luminescence units) x 100. 268 

Flow cytometry assay 269 

DCs surface markers were analysed using flow cytometry. DCs were transfected for 24 h as 270 

described before. The conjugated antibodies phycoerythrin (PE)-labelled anti-CD83, 271 

fluorescein isothiocyanate (FITC)-labelled anti-DC-SIGN/CD209, FITC-labelled anti-CD86 and 272 

allophycocyain (APC)-labelled anti-CD14 (all from Biolegend, USA or Southern Biotech, USA) 273 

were used for cell staining. Cells were washed in ice-cold FACS buffer (PBS containing 0.5% BSA 274 

and 2 mM EDTA), pre-incubated with FcR Blocking Reagent (Milteny Biotec, Germany) for 5 275 

minutes to block non-specific Ig binding and incubated with the panel of specific antibodies or 276 

respective fluorescent minus one (FMO) controls for 20 minutes at 4ºC in the dark. Cells were 277 

then washed twice and suspended in FACS buffer for analysis. Data was acquired by BD 278 

LSRFortessaTM (BD Biosciences, USA) flow cytometer and analysed using BD FACSdiva software 279 

and FlowJo v10.6 (both from Becton Dickinson, USA). 280 

Nanoparticle tracking analysis (NTA) 281 

Peptides were incubated with miRNA mimic as described above and diluted 1:100 in MQ 282 

water. Analyses were performed with ZetaView PMX 110 v3.0 and ZetaView NTA software 283 

(Particle Metrix GmbH, Germany). Operating instructions of the manufacturer were followed 284 

before calibrating the instrument with a known concentration of 100 nm polystyrene 285 

nanoparticles (Applied Microspheres B.V., Netherlands). Particles were counted and size-286 

distributed at three cycles under a sensitivity of 85 and shutter value of 70. Zeta potential 287 

measurements were performed at five cycles under a sensitivity of 85 and shutter value of 70. 288 

Temperature was maintained at 25°C during the measurement. 289 
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Mouse model of irritant contact dermatitis (ICD) and in vivo delivery of miRNA-146a 290 

nanocomplexes 291 

All animal experiments were approved by the Animal Ethics Committee at the Ministry of 292 

Agriculture Estonian Government (01.03.2018, licence No. 117 and 21.01.2020, licence No. 293 

158). Mice were maintained in the animal facility at the Institute of Biomedicine and 294 

Translational Medicine, University of Tartu in accordance with the institute’s regulations. 295 

Eight-to-ten-week-old wild type C57BL/6J female mice were used in all NF71 experiments and 296 

male mice were used for imaging analysis presented on supplementary materials. For in vivo 297 

delivery, 60 pmol of miRNA mimics (double stranded for miR-146a-Cy5 (NAC9041), Table 2; or 298 

unlabelled miRIDIAN microRNA Mimic Negative Control #1) at 28:1 CPP:miRNA MR in 20 μl of 299 

5% glucose were injected subcutaneously per one ear (one ear control, one ear miR-146a). To 300 

induce ICD, 20 μl of 0.2% phorbol 12-myristate 13-acetate (PMA) in acetone was applied 301 

topically. Ear thickness was measured in a blinded manner with a Vernier digital calliper 302 

(Mitutoyo, Japan) in three different locations per one ear in each time-point. Mouse ears and 303 

draining lymph nodes were harvested in 4% paraformaldehyde for imaging procedures and/or 304 

in Qiazol using tissue homogenizing CK14 tubes (Precellys Lysing Kit, Bertin Technologies, 305 

France) for RNA isolation. For histology and immunofluorescence analyses, mouse ears and 306 

draining lymph node (LN) tissues were fixed in 4% paraformaldehyde for 24 h at 4ºC, incubated 307 

in 30% sucrose for 24 h at 4ºC and embedded in Neg-50 cryo-medium tissuetek (Thermo Fisher 308 

Scientific, USA). Ten-micrometer cryosections were obtained and stained with diff-quik for 309 

histology imaging. Histology slides were analysed with a Nikon Eclipse C1 light microscope 310 

(Nikon Instruments Europe BV, The Netherlands). Additionally, 10 μm cryosections of LN were 311 

permeabilized with 0.3% Triton-X-100 in PBS and stained with AF488-labelled anti-mouse-312 

CD11c antibody overnight. Specimens were further counterstained with DAPI and slides were 313 

mounted with fluorescence mounting media (Dako Products, Agilent Technologies, USA). All 314 

slides were analysed with an Olympus FV1200 confocal laser scanning microscope (Olympus, 315 

Japan).  316 

Statistical analyses 317 

Results are expressed as mean ± SEM. Unpaired Student’s t-tests were used to study 318 

differences among treatments. In mouse experiments, two-way ANOVA analyses were 319 

performed to assess differences in mean values along different time-points and paired 320 

Student’s t-tests were used to study differences among treatments in the different ears of 321 
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same mice. Significance level was set at P<0.05. GraphPad Prism v.6 was used for preparing 322 

the graphs and the statistical analyses. 323 

RESULTS 324 

CPP:miRNA complexes are internalized by KCs and DCs 325 

First, the selected CPPs (Table 1) were used to test their capacity to deliver fluorescently-326 

labelled miRNA mimics into KCs and DCs. Confocal microscopy images show that 327 

internalization of the fluorescently-labelled miRNA was evident 24 h after transfection with 328 

PF14, NF55, NF70 and NF71 (Figure 1A) as well as C22PF14, NF72, MGPE9 and s-MGPE9 329 

(Supplementary Figure S1A) in KCs, and to a lesser extent, in DCs (Figure 1A and 330 

Supplementary Figure S1A). Using an increased molar ratio (MR) of CPP:miRNA complexes, 331 

internalization of the labelled miRNA was apparently improved in DCs (Figure 1B and 332 

Supplementary Figure S1A). Interestingly, in case of both NF71 and NF70, the fluorescence 333 

signal was more evenly distributed in DCs and found to be present in every cell, while PF14, 334 

C22PF14, MGPE-9 and s-MGPE9 showed more particles that localized at the membrane both in 335 

KCs and DCs and some DCs lacked the signal (Figure 1, Supplementary Figure S1). Strong 336 

fluorescent signal and bigger vesicles were found in comparison to CPPs when LF2000 was 337 

used for transfection (Figure 1) in line with the mechanism used by liposomal reagents known 338 

to be a membrane fusion or engulfment of lipovesicles37.  339 

PF- and NF-type of CPP-delivered miR-146a mimic is efficient in the suppression of target genes 340 

in KCs  341 

Next, all selected CPPs (Table 1) were used to deliver miR-146a and the control mimic into KCs 342 

and mRNA levels of target genes for miR-146a as well as related chemokines20 were measured 343 

to assess the effect.  Liposomal reagent LF2000 (Figure 2) and naked mimic (Supplementary 344 

Figure S2) were used as controls, CPP:miRNA MR ratio was 17:1. As a result, the 345 

downregulation of the direct miR-146a target genes caspase recruitment domain family 346 

member 10 (CARD10) and interleukin 1 receptor associated kinase 1 (IRAK1), and miR-146a-347 

influenced chemokines interleukin 8 (CXCL8) and chemokine C-X-C motif ligand 1 (CXCL1) was 348 

detected with LF2000, PF14, NF55, NF70 and NF71 (Figure 2A) as well as with C22PF14 and 349 

NF72, but not with MGPE-type of CPPs (Supplementary Figure S2A). When KCs where 350 

stimulated using interferon (IFN)-γ, the downregulation of direct targets IRAK1 and CARD10 351 

persisted and a very strong downregulation of miR-146a-influenced chemokines was observed 352 

with all tested peptides, except for MGPE-type of CPPs (Figure 2B and supplementary Figure 353 
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S2B). IFN-γ was used in the assay because it induces a strong inflammatory response in KCs and 354 

the skin38. The transfection at CPP:miRNA MR 28:1 did not enhance the efficiency of MGPE-355 

type of CPPs; while miR-146a mimic transfected with all other CPPs still efficiently suppressed 356 

the target genes (data not shown).  357 

NF55-, NF70- and NF71-delivered miR-146a mimic is efficient in the suppression of target genes 358 

in DCs 359 

Next, all tested CPPs (Table 1) were used to deliver miR-146a and the control mimic into DCs 360 

and mRNA levels of miR-146a-influenced genes IRAK1, interleukin (IL)-6 and CXCL8 were 361 

measured. As in KCs, the starting CPP:miRNA MR ratio was 17:1, liposomal reagent LF2000 362 

(Figure 3A) and naked mimic (Supplementary Figure S3A) were used as controls. Consistent 363 

with immunofluorescence analysis (Figure 1), the downregulation of direct miR-146a target 364 

genes IRAK1 was detected using NF-type of CPPs, NF55, NF70 and NF71, however, only weak 365 

effect on miR-146a influenced cytokine IL-6 with LF2000 and NF55 was observed (Figure 3A). 366 

Next, we used increased CPP:miRNA MR (28:1) and achieved the modest downregulation of 367 

IRAK1 also with PF14, NF55, NF70 and NF71 as well as IL-6 with NF70 (Figure 3B). The 368 

increasing of the CPP:miRNA MR to 28:1 was not beneficial for delivery with C22PF14, NF72 369 

and MGPE-type CPPs (Supplementary Figure S3B). Stimulating DCs with LPS, which induces an 370 

inflammatory phenotype via toll-like receptor 4 (TLR4), did not enhance the effect of delivered 371 

miR-146a mimic on IL-6 and CXCL8 (data not shown).  372 

The effect of CPP:miRNA transfection on cell viability and DC activation 373 

To assess the viability of the cells during the delivery experiments using LF2000 and 374 

CPP:miRNA complexes, we used ATP dependent cell viability assay. Although LF2000 drastically 375 

decreased KCs cell viability as compared to non-transfected (NT) cells, neither DCs nor KCs 376 

were impaired after 72 h using the optimal 17:1 CPP:miRNA MR (Figure 4A and Supplementary 377 

Figure S4A). Next, as immunogenicity could be one of the drawbacks of using CPP-based 378 

delivery methods to target immune cells, we assessed the activation level of DCs during 379 

transfections with CPPs. We observed that none of the selected CPPs used in this study 380 

activated DCs, assessed by flow cytometry analysis of cell surface markers CD83 and CD86 381 

(previously checked using LPS-stimulation, Supplementary Figure S4D). In addition, 382 

fluorescence minus one (FMO) controls were plotted in each histogram. The number of CD86+ 383 

cells using PF14, NF55, NF70 and NF71 (Figure 4B) and NF72, MGPE9 and s-MGPE9 384 

(Supplementary Figure S4B) was significantly lower in comparison to LF2000 reagent indicating 385 

that transfection with used CPPs is less immunogenic as compared to LF2000. Using flow 386 
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cytometry for CD14+ and CD209+ markers, we also confirmed that differentiated DC 387 

population was well established (Supplementary Figure S4C). 388 

NF-type peptides efficiently deliver siRNAs in DCs 389 

As apparent differences between the efficiency of CPPs to deliver miRNA mimics into DCs as 390 

compared to KCs were observed, we analysed the relative miR-146a expression after 391 

transfection to see if it correlated with the observed effect of miR-146a. Indeed, the increase 392 

in the relative level of miR-146a after transfection in KCs was greater than in DCs 393 

(Supplementary Figure S5A). Interestingly, in correlation with the transfected miR-146a effect 394 

in DCs, we observed that the amount of miR-146a delivered by PF14 was lower than when 395 

using NF70 (Supplementary Figure S5A). Additionally, we found the endogenous expression 396 

level of miR-146a in cultured DCs was higher as compared to KCs (Supplementary Figure S5B), 397 

which is in concordance with previously observed very high miR-146a expression in human 398 

monocyte derived DCs39 and could be a plausible reason why the effect of miR-146a mimics in 399 

DCs is not so strong as in KCs. Therefore, we additionally assessed the efficiency of transfection 400 

of siRNA targeting interferon regulatory factor (IRF)1. We observed a strong downregulation of 401 

the IRF1 gene expression after siRNA transfection in DCs achieved by the same CPPs, NF55, 402 

NF70 and NF71 (Supplementary Figure S5C) as in case of miRNA transfection (Figure 3) 403 

confirming that NF-type of CPPs are efficient in transfecting DCs.  404 

Cellular localization of the delivered miRNA mimics in KCs and DCs 405 

Next, we assessed whether the used CPPs condense miR-146a mimics to nanoparticle-type 406 

complexes and analysed the morphology (size and shape) of self-forming particles using TEM 407 

and NTA. All CPPs formed nanoparticles with NG-labelled miR-146a mimic (Supplementary 408 

Figure S6). The most regular nanoparticles formed with NF55 that packs miR-146a mostly into 409 

spherical particles with 50-70 nm in diameter (Ø). However, smaller particles of about Ø 15-25 410 

nm were also observed, similar to previous results with CPP PepFect6 that efficiently delivers 411 

miRNA both in vitro and in vivo
20. NF70 and NF71 formed rather similar nanoparticles with 412 

mimic presenting less regular spherical shape and Ø 15-25 nm. These particles also showed 413 

tendency for association with each other forming clusters and branching structures of Ø 40-414 

100 nm, which was also confirmed by the NTA (Supplementary Table S2). Additionally, we 415 

analysed the zeta potential of NF70:miRNA and NF71:miRNA nanoparticles with NTA and 416 

observed negative values of -21.7 or -27.9 mV, respectively (Supplementary Table S2). 417 

Interestingly, although PF14-miR-146a mimic nanoparticles are more spherical and have 418 

approximately the same size as the ones with NF70/71, they showed the highest tendency to 419 
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form long agglomerates of 50-200 nm in length. These results enable to conclude that NF-type 420 

of CPPs form more homogeneous particles than PF-type of CPPs when complexed with miR-421 

146a mimics (Supplementary Figure S6). 422 

To more precisely assess the cellular localization of the delivered miRNAs and visualize their 423 

internalization mechanism, we performed transfection with PF14, NF55, NF70 and NF71 424 

nanoparticles with NG-labelled miR-146a mimic. Electron microscopy images showed that 425 

CPP:miRNA nanoparticles retain their shape upon association with the plasma membrane and 426 

inside cells both in KCs (Figure 5) and DCs (Figure 6).  427 

In KCs, nanoparticles induced invagination of plasma membrane (Figure 5, white arrows) and 428 

cells uptake by endocytic vesicles (Figure 5, black arrows). NF70 and NF71 mostly triggered 429 

macropinocytosis (Figure 5E, 5G) whereas PF14 and NF55 were mostly taken up by cells in 430 

smaller vesicles, perhaps caveolar-coated vesicles (Figure 5A, 5C). Concordantly, when 431 

different endocytosis pathways were inhibited, both macropinocytosis and caveloae-mediated 432 

endocytosis processes were confirmed as main endocytic pathways for NF70:miRNA and 433 

NF71:miRNA complexes as downregulation of miR-146a target genes was not achieved in the 434 

presence of corresponding inhibitors (Supplementary Figure S5). Inside cells, CPP:miRNA 435 

complexes accumulated in multivesicular bodies (MVB) or late endosomes (LE) whose limiting 436 

membrane was in some cases destabilised enabling miRNA escape into cytosol (Figure 5, 437 

arrowheads).  438 

In DCs, internalization substantially differed from that observed in KCs. The number of 439 

complexes on the surface was lower in DCs (Figure 6) as compared to KCs. In line with the 440 

fluorescence microscopy and transfection analysis data from previous sections, more 441 

nanoparticles were observed to be present in the cells when transfection was performed with 442 

NF70 or NF71 as compared to the transfections with PF14 and NF55. Furthermore, the miRNA 443 

complexes with PF14 and NF55 were trafficked in dissimilar manner from the ones with NF70 444 

and NF71. PF14 and NF55 were mostly found in multilamellar vesicles (MLV) with low electron 445 

density, characteristic for DCs only, or outside vesicles (Figure 6D, 6G). NF70 and NF71 446 

complexes were mostly found in MVB and endosomes with higher electron-density (Figure 6J, 447 

6L). Moreover, using NF70 and NF71 the limiting membrane of these electron-dense vesicles 448 

was typically fragmented and higher amounts of miRNA complexes had escaped into cytosol 449 

(Figure 6J, 6I) as compared to PF14 and NF55. The differences observed in number and 450 

localization of NF70 and NF71 complexes in DCs is in concordance with the miRNA 451 

downstream effects found in these cells in vitro (Figure 3). Whether this is caused by 452 
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differences in the association of the CPP:miRNA complexes with the DC, by intracellular 453 

trafficking or by endosomal escape cannot be distinguished based on TEM data only. 454 

Cellular colocalization of endocytic pathway markers with the delivered miRNA mimics in KCs 455 

and DCs 456 

According to immunofluorescence and TEM analysis, the CPP:miRNA complexes were found 457 

mainly in endosome-like vesicles both in KCs and DCs. To better characterize the delivery 458 

processes, we next aimed to track the colocalization of CPP:miRNA complexes with different 459 

endocytic vesicle markers, such as EEA1 for early endosomes, Lysosensor for acidic vesicles, 460 

which are close to LE and LAMP2 for lysosomes. Colocalization between EEA1 marker, most 461 

used in clathrin-mediated endocytosis, and labelled miRNA was low in KCs and DCs within 30 462 

min after transfection (Figure 7), indicating that clathrin-mediated endocytosis poorly 463 

contributes to uptake of CPP-based complexes in KCs and DCs. This finding is in line with TEM 464 

images showing more macropinocytosis or caveolin-dependent endocytosis (Figures 5 and 6), 465 

as well as in line with inhibition of endocytic pathway experiments (Supplementary Figure S5). 466 

Analysing the brightness, distribution and shape of the labelled acidic vesicles by microscopy, 467 

we observed a different organization in KCs and DCs: KCs showed small and highly acid (bright) 468 

vesicles that co-localized extensively with the miRNA mimic signal (Figure 7A), whereas DCs 469 

presented large and not-so acid (faint) vesicles and miRNA mimic signal was present close to 470 

the vesicles but not within them (Figure 7B) with all tested peptides. NF70 and NF71 presented 471 

significantly more colocalization with acidic tracker than PF-type CPPs (Figure 7). This slightly 472 

higher colocalization of acidic vesicles and labelled miRNA in case of NF70 and NF71 could 473 

indicate a different mechanism of escape, which is in line with TEM data (Figure 6), and could 474 

explain the observed enhanced efficiency of these types of CPPs in DCs.  475 

NF71-delivered miR-146a mimic is efficient in the suppression of inflammatory genes in vivo  476 

To assess the relevance of findings in cell cultures in in vivo context, we next tested whether 477 

NF71:miR-146a complexes, showing the best characteristics in KCs and DCs, were effective 478 

when pre-injected subcutaneously into mouse ears just before administering PMA reagent 479 

topically onto the whole ear to induce mouse model of ICD (Figure 8A). Results showed a 480 

reduction in ear swelling, assessed by ear thickness, when NF71:miR-146a nanocomplexes 481 

were injected (Figure 8B). Moreover, NF71:miR-146a complexes were able to downregulate 482 

pro-inflammatory cytokines such as IL-6, IL-1β, IL-33 and tumour necrosis factor alpha (TNF-α) 483 

at a 6 h or 24 h time-point after being injected (Figure 8C). In addition, Langerhans’s cell 484 

marker CD207 and intercellular adhesion molecule 1 (ICAM1) gene were downregulated by 485 
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NF71:miR-146a complexes at both 6 h and 24 h time point (Figure 8D). None of the following 486 

genes or cytokines presented expression changes: CARD10, IRAK1, chemokine C-X-C motif 487 

ligand 2 (CXCL2) and thymic stromal lymphopoietin (TSLP) (Supplementary Figure S7A). As 488 

safety feature, NF71:miR-146a complexes did not show any ear swelling or inflammatory signal 489 

when applied without PMA administration (Supplementary Figure S7B). Finally, labelled miR-490 

146a was found next to dendritic cells (marked with CD11c antibody) in draining lymph nodes 491 

(Figure 8E). It is worth mentioning that NF71 was the best performer also when injected 24 h 492 

before PMA application (scheme in Supplementary Figure S7C) according to ear thickness 493 

assessments and miRNA internalization in ears (Supplementary Figure S7D and S7E) as 494 

compared to PF14, NF55 or NF70.  495 

DISCUSSION 496 

To develop CPP-based NA delivery methods for in vivo use, better description of internalization 497 

mechanisms and intracellular trafficking in human primary and immune cells as well as the 498 

effect on immune responses is needed. Listed drawbacks to solve in order to optimize the CPP-499 

based delivery include ability to be taken up by the cells and efficient release of the cargo into 500 

the cytoplasm while being not harmful to the cells. In our study, we demonstrated that NF 501 

type of CPPs are efficient and safe in delivery of miRNA mimics into both KCs and DCs. 502 

Importantly, we demonstrated that NF-type of CPPs are the most efficient for delivery miRNA 503 

mimics into DCs while being not harmful or immunogenic. Moreover, we confirm that the 504 

NF71-delivered miR-146a is able to suppress the inflammation in a mouse model of ICD and to 505 

downregulate pro-inflammatory cytokines in vivo indicating the potential of NF71 for in vivo 506 

developments.  507 

CPPs uptake is dependent on the peptide sequence, choice of cargo, cell type and 508 

experimental factors40. In the present study, we observed that all self-formed CPP:miRNA 509 

complexes with the selected CPPs were taken up by both KCs and DCs. However, some 510 

differences were seen between the different cell types, being the DCs the ones presenting a 511 

weaker and diffuse staining for the fluorescently-labelled miRNA mimic, especially when using 512 

NF-type of CPPs. It has already been described that most of CPPs when complexed with NAs 513 

enter cells via endocytosis and, after internalization, are mainly located in the endosomes. A 514 

punctate fluorescence pattern is often considered an indication of the tracer compound being 515 

entrapped in endosomes while a diffuse cytosolic staining implies cytosolic localization due to 516 

leakage from the endosomal vesicles41. Endosomal entrapment is a major bottleneck in 517 

cytosolic delivery of nanoparticles26,41. Self-formed complexes, once taken up via endocytic 518 
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pathways, often remain trapped inside endocytic organelles within cells and fail to reach the 519 

cytosolic space28,42. Therefore, endosomal escape is a crucial factor to consider when 520 

optimizing nanoparticle delivery using CPPs. We used TEM to visualize whether the 521 

nanoparticles were located freely in the cytosol or sequestered in membranous vesicles. We 522 

observed that the labelled miRNA was localized in endosome-like vesicles as well as free in the 523 

cytoplasm, being NF-type of CPPs the ones presenting more cytoplasm-localization of NG-524 

labelled miRNA mimics, hence more efficient endosomal escape. Later, studying the 525 

distribution of miRNA along endocytic pathway trafficking, we observed a slight difference in 526 

the colocalization of miRNA and acidic vesicles when delivered by NF-type of CPPs. 527 

Multiple studies have shown the importance of both charge and amphipathicity on the peptide 528 

transfection efficiency 34,43,44. Stearylation of cell-penetrating peptides is a successful approach 529 

to increase the transfection efficiency of NAs due to forming more stable CPP:oligonucleotide 530 

complexes, and as several studies have shown, it also promotes endosomal escape45. On the 531 

other hand, it is known that maturation of most types of EE to multivesicular LEs is coupled 532 

with a decrease in intravesicular pH and this acidification of endosomal compartments, in turn 533 

leads to the formation of LE and/or lysosome fusion known to decrease delivery efficiency46. 534 

This endolysosomal sequestration and hydrolytic degradation of the nanoparticulate cargo 535 

implies that they should escape from the endosomes in a timely manner to exert or preserve 536 

their intended function41. Because of that, more efficient CPPs have been designed aiming at 537 

creating CPP molecules that change their net charge under different pH conditions, and 538 

thereby reorganise the interactions between the CPP and the cargo, thus enhancing 539 

endosomal escape46. Recent experiments found endosomal escape to occur specifically in 540 

moderately acidic vesicles47. Some CPP retain their net charge at all physiologically relevant pH 541 

ranges, as for example PF14 stays always at +5, whereas other CPPs change their charge, like 542 

NF51 changes from +4 to +5.2 upon shifting pH from 7.5 to 5.546. Therefore, CPPs being able to 543 

change their net charge in different pH conditions are of great advantage in some cell types to 544 

enhance the efficiency of delivery. In our study, the main modification in the new NF-type 545 

series of CPPs, NF70 and NF71, was the inclusion of histidine residues48, which have been 546 

described to be capable to enhance endosomal membrane disruption through proton sponge 547 

effect49,50
 and therefore, these were added in order to make the peptides pH-responsive51. 548 

Differences in cellular localization were indeed seen with these two modified peptides: NF70 549 

and NF71 showed a more diffuse pattern, indicative of endosomal escape, when transfecting 550 

fluorescently-labelled miRNA mimics into DCs and fragmented MVB membrane leading to 551 

endosomal escape was observed with TEM assessments in DCs as well. Furthermore, NF70 and 552 
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NF71 were the ones consistently enabling efficient in transfection of DCs both with miRNA 553 

mimics and siRNAs. Finally, NF71 was able to deliver functional miR-146a when injected 554 

subcutaneously before initiation of inflammation in mouse ears. 555 

Regarding our selected peptides, PF14 has been previously reported to deliver 556 

oligonucleotides and siRNAs into different cell lines23 as well as recently reported to efficiently 557 

deliver microRNAs20,21. In our study, we showed PF14 to be excellent vectors to target KCs as 558 

well. Likewise, NF55, designed with reduced net charge and distinct hydrophilic region on 559 

alpha-helical wheel projection, has been described to promote endosomal escape and 560 

transfect the majority of cells in large cell population transfections28; as well as the newly 561 

designed NF70 and NF71, with the introduced histidine residues in their sequence, showed 562 

improved efficiency of transfection48. Our results are in line with previous studies and confirm 563 

NF-type of CPPs having great advantage to transfect cells and deliver miRNAs, both in KCs and 564 

especially in immune cells as DCs. MGPE-type of CPPs, very efficient human protein 565 

phosphatase 1E (PPM1E) derived peptides that show serum stability and low cytotoxicity, have 566 

been suggested to be promising peptide-based NA delivery system34. MGPE9 used in our study 567 

was designed by adding a Cysteine residue both to N- and C- terminus of MGPE3 sequence in 568 

order to render stability to the nanoparticles through formation of disulphide linkages52. 569 

Although these peptides were specially designed to be used in skin, in our study they were not 570 

efficient in miRNA and siRNA delivery to KCs or DCs, suggesting that despite they have shown 571 

skin penetrating characteristics, they are not the best option for miRNA delivery.  572 

Targeting of immune cells adds another challenge for CPP-based delivery as peptides could 573 

directly stimulate immunogenic responses, particularly when delivered in particle form. 574 

Although immunogenic responses might be of interest for enhancing immune system 575 

responses in immunotherapies for cancer or infectious diseases; they are totally undesirable in 576 

case of therapies aimed for attenuating inflammatory and autoimmune responses.  It has been 577 

reported that some peptides with significant aggregation could affect immunogenicity as it is 578 

known that larger particles are more efficiently phagocytised and presented at the membrane 579 

level53. Activated DCs undergo morphological changes by developing extensions that increase 580 

cellular surface area to improve interaction with T cells, as well as upregulate major 581 

histocompatibility complex and costimulatory molecules such as CD8654. We did observe a 582 

significant upregulation of CD83 and CD86 when miRNA mimics were transfected using a lipid-583 

based transfection agent but the selected CPPs did not show upregulation of these cell surface 584 

markers. In addition, the transfections using LF2000 reagent also upregulated the 585 

inflammatory response genes, CARD10, IRAK1, CXCL8 and CXCL1 in KCs, while the transfection 586 
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with miRNA nanocomplexes formed with CPPs did not affect the expression of these genes. 587 

These results enable to conclude that transfection with CPPs is less immunogenic than that of 588 

with LF2000. 589 

One of the most effective CPP for delivery in cell cultures, NF71, was finally also tested for in 590 

vivo application during skin inflammation. According to our results, NF71 was able to deliver 591 

efficiently miR-146a into the inflamed skin and thereby to suppress skin inflammation in a 592 

mouse model of ICD. The local subcutaneous pre-injection of NF71:miR-146a complexes into 593 

the mice ears subjected to ICD showed decreased ear swelling and downregulated pro-594 

inflammatory cytokines IL-6, IL-1β IL-33 and TNF-α. Thus, although in vivo studies are crucial to 595 

advance the field to be potentially translated in the future to the clinics, our study indicates 596 

that carefully planned cell culture studies in the initial phase of development may reduce the 597 

number of in vivo experiments needed.   598 

In conclusion, all selected PF- and NF-type of CPPs were efficient in delivering miRNA mimics 599 

into KCs, whereas only NF-type peptides were efficient delivering miRNA mimics into DCs. The 600 

most promising NF71 was chosen for in vivo experiment and demonstrated to efficiently 601 

deliver miRNA in vivo and evoke physiological response, suggesting its potential in the 602 

development of therapeutic delivery of miRNAs to suppress skin inflammation. 603 

DATA AVAILABILITY 604 

The raw/processed data required to reproduce these findings cannot be shared at this time as 605 

the data also forms part of an ongoing study.   606 
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Table 1. Sequences of the selected cell-penetrating peptides used for the transfection of 769 

miRNA mimics. 770 

Name Abbreviation Cell-penetrating peptide sequence References 

PepFect14 PF14 Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2 
55 

NickFect55 NF55 Stearyl-AGYLLGO*INLKALAALAKAIL-NH2 
28 

NickFect70  NF70 Arachidyl-HHHHYHHGO*ILLKALKALAKAIL-NH2 
48 

NickFect71  NF71 Stearyl-HHYHHGO*ILLKALKALAKAIL-NH2 
48 

C22-PepFect14 C22PF14 Behenyl-AGYLLGKLLOOLAAAALOOLL-NH2 
55 

NickFect72  NF72 Arachidyl-HHHHHHYHHGO*ILLKALKALAKAIL-NH2 
48 

MGPE9 MGPE9 CRRLRHLRHHYRRRWHRFRC 52 

Stearyl-MGPE9 s-MGPE9 Stearyl- CRRLRHLRHHYRRRWHRFRC 52 
*Synthesis continues from the sidechain amino group instead of α-amino group. 771 

Table 2. Sequences of the synthesized oligonucleotides. 772 

Name Abbreviation ON sequence 

Cy5-labelled  

ss miR-146a-5p 
NAC9041 5'rUrGrArGrArArCrUrGrArArUrUrCrCrArUrGrGrGrUuU 3' + Cy5 

ss miR-146a-5p  

(for NG labelling) 
NAC8882 

5' rUrGrArGrArArCrUrGrArArUrUrCrCrArUrGrGrGrUuU 3' + 

Thiol modifier C3 S-S unreduced 

ss miR-146a-3p  

(for ds RNA) 
NAC8605 5' rCrCrCrArUrGrGrArArUrUrCrArGrUrUrCrUrCrArUuU 3' 

Unlocked nucleic acids (UNA) are marked as underlined. Ss: single stranded, NG: Nanogold, ds: double 773 
stranded; ON: oligonucleotides. 774 
 775 

Figure 1: CPP:miRNA complexes are internalized by KCs and DCs.  776 
KCs and DCs were transfected with Dy547-labelled miRNA (red) at 60 nM concentration using 777 

the indicated CPPs for 24 h at 17:1 CPP:miRNA molar ratio (MR) (A) or 28:1 MR (B). Cells were 778 

counterstained with DAPI (blue) and membrane marker WGA (green). White arrows indicate 779 

membrane localization of the complexes. Scale bar: 20 μm.  780 

 781 

Figure 2: PF- and NF-delivered miR-146a mimic inhibits target genes in KCs.  782 

(A) KCs were transfected with miR-146a or control miRNA at 30 nM concentration using 17:1 783 

CPP:miRNA MR for 24 h or left non-transfected (NT). (B) KCs were transfected as in A and then 784 

stimulated with IFN-γ for additional 24 h or left non-stimulated and non-transfected (NS NT) or 785 

NT and stimulated with IFN-γ (NT IFN-γ). LF2000 was used as transfection control. Data are 786 

expressed as mean +/- SEM and relative to NT (A) or NT NS (B) cells. Unpaired student T test, 787 

*p<0.05, **p<0.01, ***p<0.001.  788 

 789 

Figure 3: NF-delivered miR-146a mimic is efficient in the suppression of target genes in DCs.  790 

DCs were transfected with miR-146a or control miRNA at 100 nM concentration using (A) 17:1 791 

CPP:miRNA MR or (B) 28:1 MR. LF2000 was used as transfection control. Data is expressed as 792 

mean +/- SEM and relative to NT cells. Unpaired student T test, *p<0.05, **p<0.01. 793 

Figure 4: CPP:miRNA transfection does not impair cell viability and does not activate DCs.  794 

(A) Luminescent cell viability assay was performed 72 h after transfection with indicated 795 

CPP:miRNA or CPP:miR-146a complexes. Data are expressed as percentage relative to NT cells. 796 
(B, C) Flow cytometry with anti-CD83 and anti-CD86 was performed 24 h after transfection. (B) 797 

Column graphs present % of positive cells; data is mean of two different experiments. 798 

Unpaired student T test compared to LF2000 treatment. (C) Histograms are shown as 799 
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compared to fluorescent minus one (FMO) controls. (A, C) Unpaired student T test, *p<0.05, 800 

**p<0.01, ***p<0.001. 801 

 802 

Figure 5: Cellular localization of the delivered miRNA mimics in KCs.  803 
Keratinocytes were incubated with CPP:miR-146a-Nanogold (NG) nanocomplexes for 4 h, cell 804 

specimens were fixed and processed for TEM analysis using standard methods. Localization of 805 

miR-146a-NG (small black dots ~10 nm) with PF14 (A, B, and magnified images b1, b2), NF55 806 

(C, D, d), NF70 (E, F, f) or NF71 (G-J, I, j) on cell surface (white arrows), in endosomal vesicles 807 

(black arrows) and in cytosol (arrowheads) are shown. The boxed areas show zoomed in 808 

images. Scale bar: 500 nm. 809 

 810 

Figure 6: Cellular localization of the delivered miRNA mimics in DCs.  811 

Dendritic cells were incubated with CPP:miR-146a-Nanogold (NG) nanocomplexes for 4 h, cell 812 

specimens were fixed and processed for TEM analysis using standard methods. Localization of 813 
miR-146a-NG (small black dots ~10 nm) with PF14 (A-D, and magnified image c), NF55 (E-G, g1, 814 

g2), NF70 (H-J, j) or NF71 (K, L, l) in endosomal vesicles (black arrows) and in cytosol 815 

(arrowheads) are shown. The boxed areas show zoomed in images. Scale bars: 200-500 nm. 816 

 817 

Figure 7: Cellular colocalization of endocytic pathway markers with the delivered miRNA 818 

mimics in KCs and DCs.  819 

(A) KCs and (B) DCs were transfected with Dy547-labelled control miRNA (red) at 60 nM 820 

concentration for 30 min and stained with EEA1; or for 4 h and stained with lysosensor or 821 

LAMP2. Cells were counterstained with DAPI (blue). Scale bar: 20 μm. Relative colocalization 822 
was assessed with M2 coefficient using Image J software and is presented in column graphs. 823 

Unpaired student T test compared to PF14, *p<0.05, **p<0.01, ***p<0.001. 824 

Figure 8: Pre-injection of NF71:miR-146a nanocomplexes inhibits inflammation in a mouse 825 

model of irritant contact dermatitis. 826 
(A) Irritant contact dermatitis (ICD) mouse model experimental scheme. One ear of each 827 

mouse was injected with control mimics and another with Cy5-labelled miR-146a mimics, both 828 

in complex with NF71. After one hour, the ears were treated with PMA. Ear thickness was 829 

measured at time-points 0 h, 6 h and 24 h. Tissue and RNA were harvested at time-point 24 h. 830 

(B) Ear swelling assessed by ear thickness (7 mice/group). Two-way ANOVA test, *p<0.05, 831 

***p<0.001. RT-qPCR analysis of pro-inflammatory cytokines, IL-6, IL-1β, IL-33 and TNF-α (C) 832 

and markers CD207 and ICAM1 (D) 6 h and 24 h after the injections.  Data is expressed as 833 

mean ± SEM and normalized to non-treated non-PMA group (=1). Paired student T test, 834 

*p<0.05, **p<0.01. (E) Localization of labelled Cy5-miR-146a (red) and dendritic cell marker 835 
CD11c (green) in draining lymph nodes at 24 h. Tissues were counterstained with DAPI (blue). 836 

Scale bar: 20 μm. 837 
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