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Abstract

:

Only two decades after discovering miRNAs, our understanding of the functional effects of deregulated miRNAs in the development of diseases, particularly cancer, has been rapidly evolving. These observations and functional studies provide the basis for developing miRNA-based diagnostic markers or new therapeutic strategies. Adenoviral (Ad) vectors belong to the most frequently used vector types in gene therapy and are suitable for strong short-term transgene expression in a variety of cells. Here, we report the set-up and functionality of an Ad-based miRNA vector platform that can be employed to deliver and express a high level of miRNAs efficiently. This vector platform allows fast and efficient vector production to high titers and the expression of pri-miRNA precursors under the control of a polymerase II promoter. In contrast to non-viral miRNA delivery systems, this Ad-based miRNA vector platform allows accurate dosing of the delivered miRNAs. Using a two-vector model, we showed that Ad-driven miRNA expression was sufficient in down-regulating the expression of an overexpressed and highly stable protein. Additional data corroborated the downregulation of multiple endogenous target RNAs using the system presented here. Additionally, we report some unanticipated synergistic effects on the transduction efficiencies in vitro when cells were consecutively transduced with two different Ad-vectors. This effect might be taken into consideration for protocols using two or more different Ad vectors simultaneously.
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1. Introduction


Micro RNAs (miRNAs) are a class of endogenous small RNAs (~22 bp). Targeting the 3′-UTR of an mRNA, these small RNA molecules can function as post-transcriptional regulators of gene expression [1,2,3] but have also been shown to be involved in transcriptional gene silencing in yeast [4,5], Arabidopsis [6,7], nematodes [8,9], Drosophila [10], and mammalian cells [11,12]. The first miRNA was discovered in 1993 in the nematode Caenorhabditis elegans. Downregulation of the heterochronic gene lin-14 was found to be dependent on the transcription of a second gene (lin-4) that itself was not translated [1,2]. Genes encoding miRNAs are transcribed by RNA polymerase II. Consequently, primary miRNAs (pri-miRNA) exhibit 5′-7-methylguanosine caps and 3′ poly(A) tails. A multiprotein complex containing an RNAse III enzyme, drosha, cleaves the pri-miRNA at the base of the characteristic hairpin structure. This results in a two nucleotide 3′-overhang [13,14]. The pre-miRNA is subsequently exported to the cytoplasm, where it is further processed to 18–23 bp long duplexes by the RNAse III endonuclease Dicer [15,16]. This processing step includes the removal of the terminal loop, resulting in a mature miRNA duplex [17]. Finally, the two miRNA strands are separated. The guiding strand associates with a member of the argonaute (Ago) family of proteins, forming an RNA-induced silencing complex (RISC) [18,19,20]. The human genome encodes four different Argonaut proteins (Ago 1–4) capable of loading miRNAs. Of those, Ago2 and, recently, Ago3 are described to possess endonuclease activity resulting in mRNA target cleavage [21,22]. A full complementary miRNA:mRNA interaction induces Ago2 endonuclease activity leading to mRNA cleavage [20,23]. However, interaction with perfectly complementary target sites destabilises the miRNA:RISC complex, promoting miRNA degradation [24]. Most endogenous miRNA:mRNA interactions are not entirely complementary, thus preventing the endonuclease activity of Ago2. Consequently, Ago2 mediates downstream effects similar to those induced by the non-endonucleolytic Ago family members, including the repression of translation or poly(A)-deadenylation and decapping of the target [25,26].



However, the mechanisms of miRNAs in regulating gene expression are far more complex. Besides the canonical mode of action, miRNAs have been shown to interact with other parts of a target mRNA, such as the coding sequence and 5′ UTR, or even with the gene promoter [27,28]. Additionally, a single miRNA might impact different pathways and biological processes to regulate one target gene precisely and in a finely nuanced way. Most miRNAs are therefore expressed in a temporal- and tissue-specific manner [29,30]. Recent studies reported that a large number of miRNAs derived from different tissues do exist in various body fluids, such as blood [31], urine [32], or saliva [33,34]. Due to their role in the regulation of numerous physiological processes, miRNAs have been found to be deregulated in various diseases, such as cardiovascular diseases [35,36], neurodegenerative diseases [37,38,39,40,41], autoimmune diseases [42,43,44,45], and cancer [46,47,48,49,50,51,52]. Given these observations, our understanding of miRNAs as disease markers is rapidly evolving. Understanding the functional effects of deregulated miRNAs on a cellular or systemic level may provide a basis for developing new therapeutic strategies. For example, for the treatment of hepatitis C virus infections, the miRNA-based drug Miravisen is currently in phase-II clinical trials [53]. With Patisiran, the first small-interfering RNA was granted by the FDA for the treatment of hereditary transthyretin-mediated (hATTR) amyloidosis [54,55], and also in the light of the current SARS-CoV-2 pandemic, small RNAs are extensively tested for their therapeutic potential [56]. However, highly abundant ribonucleases and sequestration by the reticuloendothelial system hinder the delivery of naked RNA molecules. The combined use of chemical modifications and lipid-based nanocarriers may increase RNA stability, including for in vivo delivery (reviewed in [57]), but are not applicable for the targeted delivery of miRNAs to specific tissues or organs other than the liver. Thus, viral delivery systems, such as adenoviral (Ad) vectors, represent an attractive alternative.



Here, we describe the set-up and functionality of an easily accessible Ad vector-based miRNA expression system. This system combines the ease and the efficiency of viral vector-mediated transduction with strong polymerase II promoter-driven miRNA expression. Importantly, and in sharp contrast to non-viral systems, it enables precise dosing and is, thus, well suited for a wide variety of in vitro research applications. Finally, we present a series of unanticipated effects that were observed after consecutive in vitro transduction of cells with two different Ad vectors. These effects might, in general, impact the experimental design of assays relying on Ad vector-based transduction.




2. Materials and Methods


2.1. Cell Lines and Cell Culture


A549 (ATCC® CCL-185™) and HEK293 (ATCC® CRL-1573™) cells were cultured in MEM supplemented with 10% FCS and penicillin (100 U/mL)/ streptomycin (100 µg/mL). Cells were passaged twice per week using 0.05% trypsin/ 0.02% EDTA. All cell culture products were purchased from PAN, Hamburg, Germany.




2.2. Vector Construction


All vectors used in this study were first-generation vectors (E1 deleted) of human adenovirus type 5 (AY339865; bp 1-440; bp 3522-35934). Gene expression cassettes were introduced using pRed/ET homologous recombination (Gene Bridges, Heidelberg, Germany) as described below. First, a miRNA expression cassette based on pcDNATM6.2-GW/EmGFP-miRNA-neg control plasmid (Invitrogen, Darmstadt, Germany) was introduced into the E1-deleted region of Ad5, resulting in pAd-miRNAscr. This cassette allows the constitutive expression of miRNAs and a co-cistronic reporter gene (EmGFP) under the control of CMV promoter. Vector pAd-miRNAscr encodes for a nonsense miRNA (miRscr: 5′-AAAUGUACUGCGCGUGGAGAC-3′) and served as negative control in all experiments. Next, the nonsense miRNA sequence was replaced with a counter-selection cassette (rpsl-neo; Gene Bridges, Heidelberg, Germany), resulting in pAdΔE1-miRNA-rpslneo. This construct allows for the subsequent replacement with any miRNA sequence of interest. For a proof-of-concept experiment, two miRNAs targeting the red fluorescent protein tdTomato were cloned into pAdΔE1-miRNA-rpslneo, resulting in pAd-Tom1 (miRTom1: 5′-UACUGUUCCACGAUGGUGUAG-3′, htttps://rnaidesigner.thermofisher.com Access date: 2 August 2022) and pAd-Tom2 (miRTom2: 5′-UUGGUGUCCACGUAGUAGUAG-3′, [58]). Ad-EGFP harbours a CMV-promoter-driven EGFP expression cassette at (AY339865, bp 441-3534). Based on Ad-EGFP, Ad-EGFP∆CAR∆FX and Ad-EGFP/MPM2K were constructed as follows: two point mutations were introduced in the fiber knob domain (AAQ19310.1, Y477A) [59] and hexon HVR7 (AAQ19298.1, T425A) [60] to ablate binding to the Coxsackievirus and adenovirus receptor (CAR) and blood coagulation factor X (FX), resulting in Ad-EGFP∆CAR∆FX. Two cysteines were introduced into the hexon HVR1 (AAQ19298.1, D151C) and HVR5 (AAQ19298.1, A273C) of Ad-EGFP to insert a chemical reactivity group for position-specific PEGylation. In the Ad-empty vector, the E1-gene region (AY339865, bp 441-3521) was deleted, and a PacI-restriction site was inserted. This vector does not contain a heterologous expression cassette. All constructs were sequenced and analysed by restriction digestion to ascertain sequence integrity. All constructs used in this study are freely available upon request.




2.3. Adenovirus Vector Purification


Adenoviral vectors were transfected, amplified and purified as described elsewhere [61]. Briefly, HEK293 cells, transcomplementing E1 [62], were transfected with linearised vector DNA using polyethyleneimine (PEI) and harvested when a cytopathic effect became visible. Subsequently, vectors were amplified by sequential re-infections and purified using CsCl-gradient centrifugation. Two consecutive, discontinuous CsCl gradients were performed, followed by a desalting procedure using PD10 columns (GE Healthcare, Solingen, Germany) [61]. For cysteine-carrying vectors, lysis buffers containing 0.1 mM TCEP (Invitrogen, Darmstadt, Germany) as a reducing reagent to prevent the aggregation of particles due to the oxidation of cysteines were used [63]. Vectors were lysed with 0.5% sodium dodecyl sulfate and incubated for 10 min at 65 °C to determine physical titers by optical density at 260 nm [64].




2.4. PEGylation of Vector Capsids


After the first CsCl gradient, maleimide-activated bifunctional linear polyethylenglycol (PEG, 2 kDa) (MPM2K; IRIS Biotech, Marktredwitz, Germany) was used to PEGylate vector particles. Immediately before mixing with vectors, PEG moieties were dissolved as a 10% (w/v) solution in Ad-buffer (50 mM HEPES, 150 mM NaCl, pH 7.2). Vectors were incubated with PEG solution (final concentration 1.67%; about 2000-fold PEG excess over cysteines), gently rotating for 1 h at room temperature. Subsequently, Ad-EGFP/MPM2K vectors were purified by a second discontinuous CsCl gradient centrifugation followed by PD10 column desalting [65] to remove uncoupled PEG moieties.




2.5. Polymerase Chain Reaction (PCR)


All DNA fragments used for homologous recombination were amplified using Q5 High-Fidelity polymerase (New England Biolabs, Frankfurt, Germany) and primers sharing a 50 bp homology to the site of insertion (Table S1). Each reaction contained 0.2 mM dNTPs (Thermo Fisher, Karlsruhe, Germany), 0.5 µM primer forward and reverse, 0.02 U/µL of Q5 High-Fidelity polymerase (New England Biolabs, Frankfurt, Germany), and 1–5 ng of template DNA. PCR cycles were performed as follows: 1 cycle: 30 s 98 °C (denaturation); 26 cycles: 10 s 98 °C (denaturation)—30 s X °C (annealing, see Table S1)—3 min 72 °C (elongation); 1 cycle: 10 min 72 °C (elongation). Replacement of rpsl-neo counter-selection cassettes with a miRNA sequence of choice was ascertained by colony PCR. Clones were pre-cultured for 3 h at 37 °C in 100 µL LB medium (Invitrogen, Darmstadt, Germany) supplemented with respective selection markers. Subsequently, 3 µL of bacteria suspension was mixed with 0.2 µM primer forward and reverse (5′-GGATCACTCTCGGCATGGAC-3′ and 5′-ATTGCCGTCATAGCGCGGGT-3′), 0.2 mM dNTPs and 0.025 U/µL polymerase. PCR cycles were performed as follows: 1 cycle: 2 min 98 °C (denaturation); 33 cycles: 30 s 98 °C (denaturation)—45 s 58 °C (annealing)—2 min 72 °C (elongation); 1 cycle: 10 min 72 °C (elongation).




2.6. Transduction Assays


Transduction assays were performed using A549 cells. To analyse the effect of miRNA expression on its target on protein level, 1 × 105 cells/well were seeded in 24-well plates and cultivated overnight. The following day, cells were transduced in triplicates with miRNA-expressing vectors Ad-miRscr, Ad-miRTom1, or Ad-miRTom2 with a multiplicity of infection (MOI) of 2000 and incubated for 12 h at 37 °C, 5% CO2. Subsequently, cells were transduced with Ad-tdTomato (MOI 500, expressing the target gene) and incubated at 37 °C, 5% CO2. Cells were then washed three times with phosphate-buffered saline (PBS) and analysed 24, 48, 72, and 96 h post-transduction (h.p.t.) for fluorescent gene expression using flow cytometry (CytoFlex, Beckman Coulter, Munich, Germany). A 488 nm laser was used for excitation, EGFP expression was analysed in an FITC channel (525/40 nm), and tdTomato expression was analysed in a PE-channel (585/42 nm).



5 × 105 cells/well were seeded in 6-well plates and cultivated overnight to monitor Ad-driven miRNA expression over time. On the next day, cells were transduced in triplicates with miRNA-expressing vectors Ad-miRscr, Ad-miRTom1, and Ad-miRTom2 (MOI 500). Total RNA was extracted 24, 48, 72, and 96 h.p.t. as described below. To analyse target gene mRNA level, 1 × 106 cells/well were seeded in 6-well plates and cultivated overnight. The following day, cells were transduced with an overall MOI of 2500, containing different amounts of Ad-miRTom1 (MOI 10, 100, 1000, 2500) complemented with a non-expressing vector (Ad-empty). Six hours after first transduction, cells were transduced with Ad-tdTomato at MOI 100, incubated for 18 h, and total RNA was extracted as described below.



To quantify Ad-genomes in the cells after transduction, 3 × 105 cells/well were seeded in 12-well plates and cultivated overnight. The next day, cells were transduced with a non-expressing vector (Ad-empty) at different MOIs (MOI 10, 100, 1000, 2500) and incubated for six hours. Subsequently, cells were transduced with EGFP-expressing vectors Ad-EGFP, Ad-EGFP∆CAR∆FX, and Ad-EGFP/MPM2K (MOI 100) and incubated for 18 h. Total genomic DNA was extracted as described below and used as a template in qPCR analyses.




2.7. Isolation of Total RNA and cDNA Synthesis


Cells grown in 6-well plates were harvested in 1 mL Trizol (Invitrogen, Darmstadt, Germany) per well and stored at −80 °C or directly processed according to the manufacturer’s instruction. Prior to cDNA synthesis, 10 µg of extracted total RNA was treated with 2.5 U DNAse (35 min, 37 °C) in a total volume of 50 µL. Subsequently, 3.75 µL DNAse-treated RNA was subjected to polyadenylation and reverse transcription using a Mir-X miRNA First-Strand Synthesis Kit (Takara Bio, Göteborg, Sweden). The reaction was performed in a thermo cycler for 60 min at 37 °C in a total volume of 10 µL. Newly synthesised cDNA was diluted with 90 µL ultra-pure DNase/RNase-free water and either stored at −80 °C or subsequently used as a template in quantitative PCR analyses.




2.8. Isolation of Total Genomic DNA


Cells were detached with trypsin and collected by centrifugation at 300 × g for 10 min. The pellet was resuspended in 200 µL PBS and mixed with 200 µL lysis buffer (10 mM Tris, 10 mM EDTA, 0.5% SDS). Proteinase digestion was performed overnight at 50 °C in the presence of 0.9% SDS and 400 µg proteinase K. The next day, samples were treated with 200 µg RNAse A (30 min, 37 °C). Subsequently, DNA was isolated using phenol-chloroform extraction followed by ethanol precipitation. DNA concentration was estimated by measuring the absorbance at 260 nm, and concentrations were adjusted to 5 ng/µL prior to subjecting to qPCR analyses.




2.9. Real-Time Quantitative PCR Analysis


Expression levels of transduced miRNAs and targeted mRNA were evaluated in quantitative PCR analyses. For quantification of the miRNA level, 2 µL of cDNA were mixed with 10 µL TB Green Advantage Premix (Takara Bio, Göteborg, Sweden), 0.2 µM primer forward and reverse (EGFP: forward 5′-CGACCACTACCAGCAGAACA-3′, reverse 5′-GAACTCCAGCAGGACCATGT-3′; U6 snRNA (Takara Bio, Göteborg, Sweden), miRscr: forward 5′-AAATGTACTGCGCGTGGAGAC-3′; miRTom1: forward 5′-TACTGTTCCACGATGGTGTAG-3′; miRTom2: forward 5′- TTGGTGTCCACGTAGTAGTAG-3′; mRQ 3′ Primer (Takara Bio, Göteborg, Sweden) served as a universal reverse primer) in a final volume of 20 µL. PCR cycles were performed as follows: 1 cycle: 1 min 95 °C (denaturation); 45 cycles: 10 s 95 °C (denaturation)—25 s 60 °C (annealing/elongation).



Target mRNA was quantified by mixing 2 µL cDNA with 10 µL TB Green Advantage Premix (Takara Bio, Göteborg, Sweden), 0.2 µM primer forward and reverse (tdTomato: forward 5′-ACCTGTTCCTGGGGCATG-3′; reverse 5′-TGATGACGGCCATGTTGTTG-3′) in a final volume of 20 µL. PCR cycles were performed as follows: 1 cycle: 10 min 95 °C (denaturation); 45 cycles: 15 s 95 °C (denaturation)—30 s 60 °C (annealing)—30 s 72 °C (elongation). Relative RNA expression levels were calculated using the ΔΔCt method. All samples were normalised to U6 snRNA and subsequently compared with cells either not treated with Ad-miRNA (“w/o”; tdTomato mRNA level) or the lowest MOI used for transduction (“MOI 10”, miRNA expression level).



To quantify Ad genomes in transduced cells, 20 ng of total genomic DNA was mixed with 10 µL TB Green Advantage Premix (Takara Bio, Göteborg, Sweden), 0.2 µM primer forward and reverse (CMV: forward 5′-TACATCAATGGGCGTGGATA-3′, reverse 5′-GGCGGAGTTGTTACGACATT-3′; plasminogen activator tissue type (PLAT): forward 5′-AGGGCTGGAGAGAAAACCTC-3′, reverse 5′-TTCCTTCACTGGCTCAGCTT-3′) in a final volume of 20 µL. PCR cycles were performed as follows: 1 cycle: 10 min 95 °C (denaturation); 40 cycles: 30 s 95 °C (denaturation)—45 s 60 °C (annealing/ elongation). The number of Ad genomes per ng DNA was calculated using the ΔΔCt method. All samples were normalised to PLAT and subsequently compared to samples that were transduced in the absence of Ad-empty.




2.10. Statistical Analysis


Experiments were carried out in independent replicates with a minimum of n = 3. Statistical analyses were performed with RStudio. First, data were tested for normality using the Shapiro Wilk test. Testing for homogeneity of variances was performed using Levene’s Test. When data met the criterium of variance homogeneity, means were tested for significant differences using one-way ANOVA followed by either TukeyHSD PostHoc test or the Dunnett Test for many-to-one comparisons. In the case of non-homogeneity, ANOVA with Welch correction and the Games-Howell PostHoc test were applied.





3. Results


In this study, we set up an easily accessible and efficient adenoviral vector platform for miRNA expression. A bi-cistronic expression cassette encoding for a double-stranded pri-miRNA of interest and a reporter gene (EGFP) under the control of a constitutive polymerase II promoter (CMV) was inserted into the E1-deleted region of Ad5 (Figure 1A) [66]. The sequence encoding for nonsense miRNA (miRscr) was replaced with a counter-selection marker (rpsl/neo). This construct served as a platform for the insertion of different miRNAs. To demonstrate the straightforwardness of this cloning strategy, we have inserted 13 different miRNAs and screened for positive clones using diagnostic primers located within the 5′- and 3′-miRNA-flanking regions (5′-/3′-miR FR, Figure 1A). In contrast to screening approaches based on restriction enzymes, the PCR screening assay enabled the fast and accurate identification of correct clones (Figure 1B) and revealed a high insertion efficiency. Correct clones were obtained with an efficiency of 80.6% (±16.7%) (Figure 1C, Table 1).



To prove the vector platform’s applicability, we established a two-vector system for miRNA-targeting validation. Two miRNAs targeting the red fluorescent protein tdTomato were tested, and a nonsense-miRNA (miRscr) served as a control. The resulting vectors Ad-miRTom1, Ad-miRTom2, and Ad-miRscr were used to determine the miRNA-expression levels exemplarily, both in a dose-dependent and time-dependent manner. Further, their potency of target gene downregulation was analysed. The expression of target mRNA and all three miRNAs (miRscr, miRTom1, and miRTom2) were analysed 24, 48, 72, and 96 h post-transduction (hpt). MicroRNA-expression levels were normalised to miRscr levels at 24 hpt. Surprisingly, distinct differences in miRNA expression were noticed. Overall, nonsense miRNA miRscr showed elevated expression levels compared to miRTom1 and miRTom2 at all time points (Figure 2A), while no significantly different expression levels were observed for miRTom1 and miRTom2 at 24, 48, and 72 hpt. However, all miRNAs seemed to accumulate in the cell over time, with a 9.5 ± 0.26-fold increase in miRNA abundance for miRscr and a 13.6 ± 1.36-fold increase in miRNA abundance for miRTom2 at 96 hpt. Although miRTom1 showed comparable low expression levels, an increased accumulation compared to miRscr and miRTom2 (96 hpt: 21.3 ± 7.73-fold increase over 24 hpt) was detected. In contrast, only minimal oscillation of EGFP mRNA-level between the different miRNA-expressing vectors and time points was detected (Figure S1).



However, it was questionable whether one copy of miRNA sequence per vector genome was sufficient for efficient miRNA expression and targeting. No significant effect of miRNA expression on target tdTomato was detected at 24 and 48 hpt. In contrast, 72 hpt tdTomato expression was significantly reduced in cells treated with either Ad-miRTom1 (reduction by 57.7% ± 9.31%), Ad-miRTom2 (reduction by 34.02% ± 9.16%), or both vectors combined (reduction by 48.8% ± 12.4%). This effect became more distinct at 96 hpt. Overall, Ad-miRTom1 reduced tdTomato expression by 65.9% ± 6.1% and thus proved to be the most potent in target down-regulation (Figure 2B). To confirm the potency of the system in downregulating endogenous targets, a cattle-specific miRNA with possible targets within the human genome was delivered to human fetal intestinal epithelial cells (HIEC-6). Subsequent transcriptome analyses revealed an overall downregulation of many of the 519 predicted target transcripts (0.9587-fold; p = 0.0032). Six target mRNAs were significantly downregulated with a fold-change of less than 0.5 [67] (Figure S2). These data also indicate the suitability of the Ad system for cell-endogenous targets.



For further characterisation of this two-vector system and to demonstrate its scalability, miRNA expression and target mRNA suppression were analysed in a dose-dependent manner. Although it had a comparable low expression level (Figure 2A), miRTom1 proved to most efficiently suppress tdTomato expression at the protein level (Figure 2B) and was thus employed for further characterisation. Since miRTom1 exhibited a full complementary miRTom1:tdTomato interaction, it is conceivable that upon binding to its target, Ago2 endonuclease activity was induced, resulting in tdTomato mRNA cleavage. Therefore, the A549 cells were transduced with different MOIs of Ad-miRTom1, followed by transduction with Ad-tdTomato. Expectedly, the expression of miRTom1 was scalable and correlated with the applied particle titer (Figure 3A). However, the mRNA level of tdTomato surprisingly increased with escalating doses of Ad-miRTom1. A 44.5 ± 39.9-fold (p = 0.006) increase in tdTomato mRNA level was observed when the cells were pre-treated with Ad-miRTom1 (MOI 2500, Figure 3B). To analyse the potential mechanism underlying this increase, we transduced the cells with an overall MOI of 2500, containing different amounts of Ad-miRTom1 complemented with a non-expressing vector (Ad-empty), followed by delayed transduction with Ad-tdTomato. Again, the miRTom1 expression levels were scalable and correlated with the applied particle titer (r2 = 0.98, Figure 3C). Furthermore, the mRNA levels decreased dose-dependently, resulting in a reduction in tdTomato mRNA by 50% in the cells treated with Ad-miRTom1 (0.5 ± 0.07, MOI 1000) compared to the untreated cells (1.0 ± 0.33; Figure 3D). These data demonstrate that the Ad-derived miRNA expression levels were sufficient for target suppression involving miRNA-directed mRNA cleavage. Moreover, these data suggest synergistic effects on Ad vector transduction in multiple vector approaches.



To determine whether the initially observed increase in target mRNA resulted from either a dose-dependent increase in particle uptake or alterations in intracellular trafficking, cells were transduced with different MOIs of a non-expressing vector (Ad-empty) followed by transduction with EGFP-expressing vectors harbouring different capsid modifications. The genome copies per cell and transgene expression were determined by qPCR and flow cytometry to distinguish between the vector uptake into the cell and transport to the nucleus. Pre-treatment of the cells with an increasing number of Ad-empty particles resulted in an increased expression of the transgene EGFP that was delivered with a wildtype (wt) capsid Ad vector (Ad-EGFP; 2.2-fold ± 0.9, p < 0.001; Figure 4A, left panel). A similar effect was observed for an EGFP-expressing vector ablated for binding to its natural Coxsackievirus and adenovirus receptor (CAR) and factor X (FX). Two point mutations located in the fiber knob (Y477A, ∆CAR) and hexon (T425A, ∆FX) hinder vector entry via CAR and heparan-sulfate-proteoglycans (HSPGs), respectively [68,69,70]. As such, compared to the wt-capsid Ad-EGFP, the overall transduction efficiency of Ad-EGFP∆CAR∆FX was decreased (Figure S3). However, comparing the transduction efficiencies of Ad-EGFP∆CAR∆FX concerning escalating Ad-empty doses revealed a similar effect as observed for Ad-EGFP. A pre-transduction with an increasing number of Ad-empty particles subsequently resulted in an increase in the transgene expression of Ad-EGFP∆CAR∆FX (1.56-fold ± 0.48, p < 0.001; Figure 4A, center). A shielded vector covalently coupled with a maleimide (mal)-activated bifunctional polymer served as a “trafficking control”. This geneti-chemically modified vector was coupled with mal-PEG(2K)-mal (MPM2K) via cysteines introduced in the hexon hypervariable regions 1 and 5 (HVR1/5). This shielding is irreversible and thus expected to interfere with cellular trafficking [71]. Accordingly, EGFP expression was completely abolished in cells transduced with Ad-EGFP-MPM2K, both in the absence and presence of Ad-empty (1.1-fold ± 0.24, p = 0.634; Figure 4A, right panel). Next, we quantified the relative amount of Ad vector genomes to analyse whether the observed increase in transgene expression resulted from an enhanced uptake of vector genomes. Here, a slight increase in vector particle uptake upon Ad-empty treatment was observed for Ad-EGFP (1.99-fold ± 0.9, p = 0.056; Figure 4B, left panel) and Ad-EGFP∆CAR∆FX (2.24-fold ± 1.95, p = 0.08; Figure 4B, center). However, these effects were not statistically significant. Surprisingly, Ad-EGFP-MPM2K vector genomes were not detectable in the transduced cells irrespective of preceding Ad-empty transduction (0.5-fold ± 0.36, p = 0.98; Figure 4B, right panel).



These results indicate that transduction efficiencies did not solely depend on the MOI applied. Rather, the overall quantity of the applied vector particles synergistically increased transduction efficiencies, presumably by promoting the uptake of viral particles. A similar synergistic effect was also observed when the cells were transduced simultaneously with Ad-tdTomato (MOI 100) and escalating doses of Ad-empty (MOI 1000: 1.94 ± 0.25-fold, p = 0.021; Figure 5A). A comparable pattern occurred when Ad-tdTomato genomes were quantified; genome copies increased with increasing doses of Ad-empty, although this was not statistically significant (2.69 ± 1.1-fold, p = 0.09; Figure 5B). Therefore, the observed synergistic effect on the transduction efficiencies in a multiple-vector system did not require a time offset.




4. Discussion


Approximately two decades after RNA interference was described in mammalian cells, three siRNA drugs have been approved, and seven others are in clinical studies [72]. Furthermore, in pre-clinical studies, small RNAs are increasingly being noticed as prognostic markers for cancers or putative therapeutic agents. The delivery of small RNAs in vitro and in vivo usually relies on lipid- or polymeric-based delivery systems, providing several advantages such as biocompatibility, high packaging capacity, and low immunogenicity [73]. However, since lipid nanoparticles used in the delivery formulations of approved siRNA drugs are homed to the liver, disease targets are usually restricted to be liver-specific. Site-specific delivery to organs other than the liver remains a significant challenge in siRNA drug development. Hence, a delivery system with the ability to efficiently target different cell and tissue types would be favorable. In this study, we constructed an adenoviral vector platform for the delivery and expression of small RNAs. Based on homologous recombination, this vector platform enabled fast and highly efficient insertion of miRNAs of interest. Thus, this non-time-consuming approach resulted in short production times and allowed miRNA insertion, vector amplification, and purification within four weeks. RNAi molecules can be delivered in different precursor formats. For cytoplasmic processing into mature silencing duplexes, the RNA molecules should be transcribed in at least a short hairpin-like structure that can be recognized by exportin 5 and Dicer (e.g., shRNA or pre-miRNA precursor). Alternatively, RNAi molecules can be transcribed as long primary miRNA (pri-miRNA) that is subsequently processed by DROSHA prior to nuclear export. While pre-miRNAs and pri-miRNAs typically contain one or more mismatches in the double-stranded stem, designed shRNAs or miRNA mimics usually have a perfect sequence complementary in the stem. Using an oncolytic adenovirus armed with a human tumor-suppressor miRNA (miR-1), Brachtlova et al. recently demonstrated that different RNAi precursor formats result in different expression levels of mature miR-1. Here, delivery in a pri-miRNA precursor format yielded, on average, more than two orders of magnitude higher levels of mature miR-1 [74]. The miRNA-expressing vector platform used in this study delivered miRNAs in a pri-miRNA-like precursor format. The RNA was transcribed with an embedded stem-loop structure containing one mismatch in the stem. Further, this pre-miRNA sequence was flanked by sequences derived from mouse miR-155 transcript [75], mimicking a pri-miRNA structure. In combination with a heterologous pol II-promoter, this ensured a high expression level of any miRNA of interest.



In a proof-of-concept study, we inserted two different miRNAs targeting the fluorescent protein tdTomato and analysed their effect on the protein expression of both protein and mRNA levels. A significant reduction in tdTomato protein was detected within 72 hpt, which was most pronounced for miRTom1. Remarkably, the combination of both miRNAs (“combined”) did not result in a more efficient down-regulation than the miRNAs alone. Fluorescently labelled Ad-particles arrive at the nuclear pore within one hpt [76,77], and gene expression is usually observed 1–2 hpt [77]. Therefore, it is reasonable to assume that the delayed effect of miRNAs on tdTomato gene expression resulted from both the high expression level of tdTomato and the prolonged half-life of the fluorescent proteins [78,79]. Further, we showed that inhibition of tdTomato protein synthesis also involved mRNA cleavage or degradation. In a dose-dependent manner, tdTomato mRNA was reduced by 50% when the cells were treated with Ad-miRTom1. Hence, miRNAs transcribed from a polymerase II-controlled co-cistronic expression cassette were appropriately processed and presumably loaded in a miRNA:RISC complex. However, the Ad-vector genome encodes for virus-associated RNAs (vaRNAs). These non-coding RNAs are transcribed by polymerase III and deregulate endogenous miRNA processing by saturating Dicer and exportin-5 [80,81]. Since vaRNAs were shown to be also transcribed from E1-depleted vectors [82], an interference with vector-encoded RNAi is conceivable. Nevertheless, detected miRNA expression and targeted downregulation up to 96 hpt, possibly due to the high CMV-driven expression level. However, vaRNAs not only interfere with miRNA processing machinery but also target cellular genes. Therefore, it should be considered that the sheer presence of Ad vectors impacts the expression of cellular genes and miRNAs. Depending on the experimental setting, these possible off-target effects should be assessed individually. Since vaRNAI is dispensable for Ad vector production [83], its deletion should be considered for future vector modifications to achieve increased downregulation efficiencies in vector-mediated RNAi [84,85].



The specificity of the interactions of miRNAs with their target mRNA is critical for miRNA function and leads to discrete downstream effects. For efficient target mRNA cleavage, a perfect miRNA:mRNA base pairing is required [86]. However, the degree of miRNA:mRNA complementarity also influences miRNA:RISC complex stability. In the absence of targets, miRNA:RISC complexes are very stable, protecting the miRNA from nuclease cleavage. Binding of miRNA:RISCs to highly complementary target RNAs leads to the formation of stable miRNA:target duplexes accompanied by rapid unloading of the RNA duplex from RISC [23,24], thus allowing the re-loading of RISC [24]. These stable miRNA:target interactions lead to efficient inhibition of translation but are not necessarily associated with target cleavage [23]. Additionally, it has recently been shown that highly expressed target RNAs lead to decreased half-lives of corresponding miRNAs as a result of increased miRNA degradation due to RISC:target interaction [24,87]. Since miRTom1 exhibits a full miRNA:target complementarity, it is very likely that miRTom1:tdTomato complexes are formed, resulting, on the one hand, in efficient downregulation of tdTomato gene expression. However, on the other hand, this high miRNA:target complementary results in unloading from RISC and consequent miRNA degradation. The detection of a reduced miRTom1 level in the Ad-miRTom1/Ad-tdTomato transduced cells, compared to control miRNA (miRscr), supports this hypothesis.



Further, treating cells with two Ad-vectors with different MOIs surprisingly revealed a synergistic effect of Ads on the transduction efficiency. In contrast to an expected down-regulating effect, escalating doses of Ad-miRTom1 resulted in an elevated mRNA level of tdTomato. This led us to the assumption that a pre-treatment of cells with Ad-miRTom1 promoted the uptake of Ad-tdTomato in a dose-dependent manner. Accordingly, when an equal quantity of vector particles was applied, a down-regulating effect of Ad-miRTom1 on tdTomato mRNA was observed. We assumed that, in a two-vector system, pre-treatment with one Ad vector might induce either an increased particle uptake or enhanced intracellular trafficking of a second Ad vector.



To evaluate if the observed effects were based on increased particle uptake, we used an Ad vector with two point mutations ablating both CAR-binding and FX-mediated HSPG binding (Ad-EGFPΔCARΔFX). Surprisingly, in direct comparison with a vector bearing a non-ablated wildtype capsid (AdEGFP), an up to 2-fold increase in particle uptake was observed for both vectors suggesting an increased particle uptake independent of CAR/FX-HSPG binding. Even though these effects were not statistically significant in our study, we showed that even marginal alterations in Ad particle uptake may have significant consequences on transgene expression. In the context of this strong heterologous CMV promoter, even a slight increase in vector genome copy numbers is expected to elevate transgene product levels substantially. It appears likely to us that our observations were the result of a combination of vector particle uptake and other yet unidentified effects. To further evaluate whether concomitant and consecutive transduction of multiple Ad vectors has an influence on cellular trafficking, we used a geneti-chemically modified vector (Ad-EGFP/MPM2K). An irreversible coupling of maleimide-activated bi-functional PEG (MPM2K) to HVR 1 and 5 of hexon interferes with cellular trafficking, presumably by preventing the endosomal escape [71]. Surprisingly, using this vector, we neither detected intracellular vector genomes nor transgene expression. Since samples for genome quantification were obtained 18 hpt, we assume that particles that initially entered the cell, but could not escape from the endosome, were degraded or recycled to the plasma membrane [88]. These data strongly suggest that the overall number of particles that were applied to a cell did have a synergistic effect on the transduction efficiency, rendering target cells more susceptible to Ad particle entry and thus promoting the uptake of viral particles. However, the underlying mechanism remains unclear. Although deleted for viral genes E1 and E3, residual expression of viral genes has been described for first-generation Ad (FG-Ad) vectors [89]. In this context, Martina et al. demonstrated an impact of FG-Ads on cellular gene expression, involving the up-regulation of genes associated with endocytosis and intracellular transport [90]. To resolve the mechanism underlying the observed synergistic effects in future studies, vector particle uptake could directly be monitored using fluorophore-labelled vector particles and confocal microscopy [77,91]. However, this phenomenon should be considered for multiple-vector applications in clinical protocols [92].



In summary, we developed an Ad-based vector platform for the expression and functional characterisation of miRNAs. This vector platform provided fast and efficient insertion of the desired miRNAs and allowed scalable vector production to high titers. The homologous recombination approach used for vector construction further allowed seamless deletion of the reporter gene EGFP, which may be required for future therapeutic applications. EGFP has been described as cytotoxic and immunogenic [93,94] and thus might lead to undesired side effects when delivered in therapeutic applications. Ad vectors exhibit a broad tropism and efficiently infect both dividing and non-dividing cells. Therefore, our Ad-miRNA vector platform enabled the characterisation of miRNA in vitro and in vivo without switching the delivery and expression system. Given the emerging role of RNA interference in therapeutic approaches [56,72], Ad-vectors might help to overcome the current limitations in the delivery of small RNAs. In contrast to the currently used lipid nanoparticle formulations, the capsid surface of Ad-vectors can be genetically and chemically modified. This allows for several de- and re-targeting strategies to specifically deliver small RNAs to certain organs or tissues. One of the main disadvantages limiting the widespread use of Ad vectors is the powerful stimulation of adaptive and innate immune responses. Here, geneti-chemical modifications that enable position-specific shielding of the Ad capsid might help to overcome this obstacle. These shielding strategies have shown some success and proved to protect Ad vectors from interactions with blood components and to circumvent recognition and sequestration by the immune system (reviewed in [95]). Undoubtedly, to achieve tissue-specific vector targeting and transgene expression, substantial improvements in vector design are inevitable. However, with the potential of capsid-modification strategies, in combination with tissue-specific promoters, this adenoviral miRNA-expressing vector platform might in the future be developed into a universal tool to study the functional effects of specific miRNAs in vitro and in vivo and may also be used for the delivery of therapeutic RNAs.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v14091952/s1, Figure S1: Stable co-cistronic expression of EGFP reporter gene over 96 hpt, Figure S2: Effects of Ad5-mediated expression of bta-miR-2404-5p, Figure S3: Direct comparison of transgene expression driven from different Ad-EGFP vectors, Table S1: Primers used for PCR amplification and homologous recombination.





Author Contributions


Conceptualization, C.H. and F.K.; Investigation, J.S., P.P.W., D.H. and C.H.; Software, C.H. and P.P.W.; Resources, D.P., G.K. and M.A.; Data Curation, P.P.W., J.P. and C.H.; Writing—Original Draft Preparation, C.H.; Writing—Review & Editing, F.K.; Visualization, C.H. and J.P.; Supervision, C.H. and F.K.; Funding Acquisition, C.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported with intramural funding by the Center for Biomedical Education and Research (IFF2019-23).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wightman, B.; Ha, I.; Ruvkun, G. Posttranscriptional Regulation of the Heterochronic Gene Lin-14 by Lin-4 Mediates Temporal Pattern Formation in C. Elegans. Cell 1993, 75, 855–862. [Google Scholar] [CrossRef]

	



Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans Heterochronic Gene Lin-4 Encodes Small RNAs with Antisense Complementarity to Lin-14. Cell 1993, 75, 843–854. [Google Scholar] [CrossRef]

	



Plawgo, K.; Raczynska, K.D. Context-Dependent Regulation of Gene Expression by Non-Canonical Small RNAs. Noncoding RNA 2022, 8, 29. [Google Scholar] [CrossRef]

	



Verdel, A.; Jia, S.; Gerber, S.; Sugiyama, T.; Gygi, S.; Grewal, S.I.S.; Moazed, D. RNAi-Mediated Targeting of Heterochromatin by the RITS Complex. Science 2004, 303, 672–676. [Google Scholar] [CrossRef] [PubMed]

	



Motamedi, M.R.; Verdel, A.; Colmenares, S.U.; Gerber, S.A.; Gygi, S.P.; Moazed, D. Two RNAi Complexes, RITS and RDRC, Physically Interact and Localize to Noncoding Centromeric RNAs. Cell 2004, 119, 789–802. [Google Scholar] [CrossRef]

	



Hamilton, A.; Voinnet, O.; Chappell, L.; Baulcombe, D. Two Classes of Short Interfering RNA in RNA Silencing. EMBO J. 2002, 21, 4671–4679. [Google Scholar] [CrossRef]

	



Zilberman, D.; Cao, X.; Jacobsen, S.E. ARGONAUTE4 Control of Locus-Specific SiRNA Accumulation and DNA and Histone Methylation. Science 2003, 299, 716–719. [Google Scholar] [CrossRef]

	



Sijen, T.; Plasterk, R.H.A. Transposon Silencing in the Caenorhabditis Elegans Germ Line by Natural RNAi. Nature 2003, 426, 310–314. [Google Scholar] [CrossRef]

	



Grishok, A.; Sinskey, J.L.; Sharp, P.A. Transcriptional Silencing of a Transgene by RNAi in the Soma of C. Elegans. Genes Dev. 2005, 19, 683–696. [Google Scholar] [CrossRef]

	



Pal-Bhadra, M.; Leibovitch, B.A.; Gandhi, S.G.; Chikka, M.R.; Rao, M.; Bhadra, U.; Birchler, J.A.; Elgin, S.C.R. Heterochromatic Silencing and HP1 Localization in Drosophila Are Dependent on the RNAi Machinery. Science 2004, 303, 669–672. [Google Scholar] [CrossRef]

	



Weinberg, M.S.; Villeneuve, L.M.; Ehsani, A.; Amarzguioui, M.; Aagaard, L.; Chen, Z.-X.; Riggs, A.D.; Rossi, J.J.; Morris, K.V. The Antisense Strand of Small Interfering RNAs Directs Histone Methylation and Transcriptional Gene Silencing in Human Cells. RNA 2006, 12, 256–262. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.H.; Saetrom, P.; Snøve, O.; Rossi, J.J. MicroRNA-Directed Transcriptional Gene Silencing in Mammalian Cells. Proc. Natl. Acad. Sci. USA 2008, 105, 16230–16235. [Google Scholar] [CrossRef] [PubMed]

	



Han, J.; Lee, Y.; Yeom, K.-H.; Kim, Y.-K.; Jin, H.; Kim, V.N. The Drosha-DGCR8 Complex in Primary MicroRNA Processing. Genes Dev. 2004, 18, 3016–3027. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.; Ahn, C.; Han, J.; Choi, H.; Kim, J.; Yim, J.; Lee, J.; Provost, P.; Rådmark, O.; Kim, S.; et al. The Nuclear RNase III Drosha Initiates MicroRNA Processing. Nature 2003, 425, 415–419. [Google Scholar] [CrossRef] [PubMed]

	



Grishok, A.; Pasquinelli, A.E.; Conte, D.; Li, N.; Parrish, S.; Ha, I.; Baillie, D.L.; Fire, A.; Ruvkun, G.; Mello, C.C. Genes and Mechanisms Related to RNA Interference Regulate Expression of the Small Temporal RNAs That Control C. Elegans Developmental Timing. Cell 2001, 106, 23–34. [Google Scholar] [CrossRef]

	



Hutvágner, G.; McLachlan, J.; Pasquinelli, A.E.; Bálint, E.; Tuschl, T.; Zamore, P.D. A Cellular Function for the RNA-Interference Enzyme Dicer in the Maturation of the Let-7 Small Temporal RNA. Science 2001, 293, 834–838. [Google Scholar] [CrossRef]

	



Zhang, H.; Kolb, F.A.; Jaskiewicz, L.; Westhof, E.; Filipowicz, W. Single Processing Center Models for Human Dicer and Bacterial RNase III. Cell 2004, 118, 57–68. [Google Scholar] [CrossRef]

	



Schwarz, D.S.; Hutvágner, G.; Du, T.; Xu, Z.; Aronin, N.; Zamore, P.D. Asymmetry in the Assembly of the RNAi Enzyme Complex. Cell 2003, 115, 199–208. [Google Scholar] [CrossRef]

	



Martinez, J.; Patkaniowska, A.; Urlaub, H.; Lührmann, R.; Tuschl, T. Single-Stranded Antisense SiRNAs Guide Target RNA Cleavage in RNAi. Cell 2002, 110, 563–574. [Google Scholar] [CrossRef]

	



Hutvágner, G.; Zamore, P.D. A MicroRNA in a Multiple-Turnover RNAi Enzyme Complex. Science 2002, 297, 2056–2060. [Google Scholar] [CrossRef]

	



Meister, G.; Landthaler, M.; Patkaniowska, A.; Dorsett, Y.; Teng, G.; Tuschl, T. Human Argonaute2 Mediates RNA Cleavage Targeted by MiRNAs and SiRNAs. Mol. Cell 2004, 15, 185–197. [Google Scholar] [CrossRef] [PubMed]

	



Shin, E.; Jin, H.; Suh, D.-S.; Luo, Y.; Ha, H.-J.; Kim, T.H.; Hahn, Y.; Hyun, S.; Lee, K.; Bae, J. An Alternative MiRISC Targets a Cancer-Associated Coding Sequence Mutation in FOXL2. EMBO J. 2020, 39, e104719. [Google Scholar] [CrossRef] [PubMed]

	



Jo, M.H.; Shin, S.; Jung, S.-R.; Kim, E.; Song, J.-J.; Hohng, S. Human Argonaute 2 Has Diverse Reaction Pathways on Target RNAs. Mol. Cell 2015, 59, 117–124. [Google Scholar] [CrossRef] [PubMed]

	



De, N.; Young, L.; Lau, P.-W.; Meisner, N.-C.; Morrissey, D.V.; MacRae, I.J. Highly Complementary Target RNAs Promote Release of Guide RNAs from Human Argonaute2. Mol. Cell 2013, 50, 344–355. [Google Scholar] [CrossRef]

	



Frédérick, P.-M.; Simard, M.J. Regulation and Different Functions of the Animal MicroRNA-Induced Silencing Complex. WIREs RNA 2022, 13, e1701. [Google Scholar] [CrossRef]

	



Li, X.; Wang, X.; Cheng, Z.; Zhu, Q. AGO2 and Its Partners: A Silencing Complex, a Chromatin Modulator, and New Features. Crit. Rev. Biochem. Mol. Biol. 2020, 55, 33–53. [Google Scholar] [CrossRef]

	



Broughton, J.P.; Lovci, M.T.; Huang, J.L.; Yeo, G.W.; Pasquinelli, A.E. Pairing beyond the Seed Supports MicroRNA Targeting Specificity. Mol. Cell 2016, 64, 320–333. [Google Scholar] [CrossRef]

	



O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front. Endocrinol. (Lausanne) 2018, 9, 402. [Google Scholar] [CrossRef]

	



Lauretti, E.; Dincer, O.; Praticò, D. Regional and Temporal MiRNAs Expression Profile in a Transgenic Mouse Model of Tauopathy: Implication for Its Pathogenesis. Mol. Psychiatry 2020, 26, 7020–7028. [Google Scholar] [CrossRef]

	



Ludwig, N.; Leidinger, P.; Becker, K.; Backes, C.; Fehlmann, T.; Pallasch, C.; Rheinheimer, S.; Meder, B.; Stähler, C.; Meese, E.; et al. Distribution of MiRNA Expression across Human Tissues. Nucleic Acids Res. 2016, 44, 3865–3877. [Google Scholar] [CrossRef]

	



Mitchell, P.S.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.; Noteboom, J.; O’Briant, K.C.; Allen, A.; et al. Circulating MicroRNAs as Stable Blood-Based Markers for Cancer Detection. Proc. Natl. Acad. Sci. USA 2008, 105, 10513–10518. [Google Scholar] [CrossRef] [PubMed]

	



Weber, J.A.; Baxter, D.H.; Zhang, S.; Huang, D.Y.; Huang, K.H.; Lee, M.J.; Galas, D.J.; Wang, K. The MicroRNA Spectrum in 12 Body Fluids. Clin. Chem. 2010, 56, 1733–1741. [Google Scholar] [CrossRef] [PubMed]

	



Park, N.J.; Zhou, H.; Elashoff, D.; Henson, B.S.; Kastratovic, D.A.; Abemayor, E.; Wong, D.T. Salivary MicroRNA: Discovery, Characterization, and Clinical Utility for Oral Cancer Detection. Clin. Cancer Res. 2009, 15, 5473–5477. [Google Scholar] [CrossRef]

	



Gallo, A.; Tandon, M.; Alevizos, I.; Illei, G.G. The Majority of MicroRNAs Detectable in Serum and Saliva Is Concentrated in Exosomes. PLoS ONE 2012, 7, e30679. [Google Scholar] [CrossRef]

	



van Rooij, E.; Sutherland, L.B.; Liu, N.; Williams, A.H.; McAnally, J.; Gerard, R.D.; Richardson, J.A.; Olson, E.N. A Signature Pattern of Stress-Responsive MicroRNAs That Can Evoke Cardiac Hypertrophy and Heart Failure. Proc. Natl. Acad. Sci. USA 2006, 103, 18255–18260. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Z.; Peng, W.; Wang, Z.; Zhang, L.; Liu, K. Identification of Biomarkers Associated with Metabolic Cardiovascular Disease Using MRNA-SNP-MiRNA Regulatory Network Analysis. BMC Cardiovasc. Disord. 2021, 21, 351. [Google Scholar] [CrossRef]

	



Bazrgar, M.; Khodabakhsh, P.; Prudencio, M.; Mohagheghi, F.; Ahmadiani, A. The Role of MicroRNA-34 Family in Alzheimer’s Disease: A Potential Molecular Link between Neurodegeneration and Metabolic Disorders. Pharmacol. Res. 2021, 172, 105805. [Google Scholar] [CrossRef]

	



Wu, T.; Lei, Y.; Jin, S.; Zhao, Q.; Cheng, W.; Xi, Y.; Wang, L.; Wang, Z.; Niu, X.; Chen, G. MiRNA-467b Inhibits Th17 Differentiation by Targeting EIF4E in Experimental Autoimmune Encephalomyelitis. Mol. Immunol. 2021, 133, 23–33. [Google Scholar] [CrossRef]

	



Sproviero, D.; Gagliardi, S.; Zucca, S.; Arigoni, M.; Giannini, M.; Garofalo, M.; Olivero, M.; Dell’Orco, M.; Pansarasa, O.; Bernuzzi, S.; et al. Different MiRNA Profiles in Plasma Derived Small and Large Extracellular Vesicles from Patients with Neurodegenerative Diseases. Int. J. Mol. Sci. 2021, 22, 2737. [Google Scholar] [CrossRef]

	



Schaefer, A.; O’Carroll, D.; Tan, C.L.; Hillman, D.; Sugimori, M.; Llinas, R.; Greengard, P. Cerebellar Neurodegeneration in the Absence of MicroRNAs. J. Exp. Med. 2007, 204, 1553–1558. [Google Scholar] [CrossRef]

	



Kim, J.; Inoue, K.; Ishii, J.; Vanti, W.B.; Voronov, S.V.; Murchison, E.; Hannon, G.; Abeliovich, A. A MicroRNA Feedback Circuit in Midbrain Dopamine Neurons. Science 2007, 317, 1220–1224. [Google Scholar] [CrossRef] [PubMed]

	



Sonkoly, E.; Wei, T.; Janson, P.C.J.; Sääf, A.; Lundeberg, L.; Tengvall-Linder, M.; Norstedt, G.; Alenius, H.; Homey, B.; Scheynius, A.; et al. MicroRNAs: Novel Regulators Involved in the Pathogenesis of Psoriasis? PLoS ONE 2007, 2, e610. [Google Scholar] [CrossRef] [PubMed]

	



Sonkoly, E.; Ståhle, M.; Pivarcsi, A. MicroRNAs and Immunity: Novel Players in the Regulation of Normal Immune Function and Inflammation. Semin Cancer Biol. 2008, 18, 131–140. [Google Scholar] [CrossRef]

	



Tang, W.; Lv, Q.; Huang, X.; Li, Y.; Zou, J.; Zheng, J.; Sun, L.; Bao, Y.; Chen, H.; Li, T.; et al. MiR-143 Targets IGF-1R to Suppress Autoimmunity in Thyroid-Associated Ophthalmopathy. J. Inflamm. Res. 2022, 15, 1543–1554. [Google Scholar] [CrossRef] [PubMed]

	



Xia, P.; Pasquali, L.; Gao, C.; Srivastava, A.; Khera, N.; Freisenhausen, J.C.; Luo, L.; Rosén, E.; van Lierop, A.; Homey, B.; et al. MiR-378a Regulates Keratinocyte Responsiveness to Interleukin-17A in Psoriasis. Br. J. Dermatol. 2022, 187, 211–222. [Google Scholar] [CrossRef]

	



Ma, L.; Teruya-Feldstein, J.; Weinberg, R.A. Tumour Invasion and Metastasis Initiated by MicroRNA-10b in Breast Cancer. Nature 2007, 449, 682–688. [Google Scholar] [CrossRef]

	



He, L.; Thomson, J.M.; Hemann, M.T.; Hernando-Monge, E.; Mu, D.; Goodson, S.; Powers, S.; Cordon-Cardo, C.; Lowe, S.W.; Hannon, G.J.; et al. A MicroRNA Polycistron as a Potential Human Oncogene. Nature 2005, 435, 828–833. [Google Scholar] [CrossRef]

	



Pickering, M.T.; Stadler, B.M.; Kowalik, T.F. MiR-17 and MiR-20a Temper an E2F1-Induced G1 Checkpoint to Regulate Cell Cycle Progression. Oncogene 2009, 28, 140–145. [Google Scholar] [CrossRef]

	



Yan, L.-X.; Huang, X.-F.; Shao, Q.; Huang, M.-Y.; Deng, L.; Wu, Q.-L.; Zeng, Y.-X.; Shao, J.-Y. MicroRNA MiR-21 Overexpression in Human Breast Cancer Is Associated with Advanced Clinical Stage, Lymph Node Metastasis and Patient Poor Prognosis. RNA 2008, 14, 2348–2360. [Google Scholar] [CrossRef]

	



Calin, G.A.; Dumitru, C.D.; Shimizu, M.; Bichi, R.; Zupo, S.; Noch, E.; Aldler, H.; Rattan, S.; Keating, M.; Rai, K.; et al. Frequent Deletions and Down-Regulation of Micro- RNA Genes MiR15 and MiR16 at 13q14 in Chronic Lymphocytic Leukemia. Proc. Natl. Acad. Sci. USA 2002, 99, 15524–15529. [Google Scholar] [CrossRef]

	



Bhattarai, S.; Sugita, B.M.; Bortoletto, S.M.; Fonseca, A.S.; Cavalli, L.R.; Aneja, R. QNBC Is Associated with High Genomic Instability Characterized by Copy Number Alterations and MiRNA Deregulation. Int. J. Mol. Sci. 2021, 22, 11548. [Google Scholar] [CrossRef] [PubMed]

	



Santos, A.; Cristóbal, I.; Rubio, J.; Caramés, C.; Luque, M.; Sanz-Alvarez, M.; Morales-Gallego, M.; Madoz-Gúrpide, J.; Rojo, F.; García-Foncillas, J. MicroRNA-199b Deregulation Shows Oncogenic Properties and Promising Clinical Value as Circulating Marker in Locally Advanced Rectal Cancer Patients. Int. J. Mol. Sci. 2022, 23, 2203. [Google Scholar] [CrossRef] [PubMed]

	



van der Ree, M.H.; van der Meer, A.J.; de Bruijne, J.; Maan, R.; van Vliet, A.; Welzel, T.M.; Zeuzem, S.; Lawitz, E.J.; Rodriguez-Torres, M.; Kupcova, V.; et al. Long-Term Safety and Efficacy of MicroRNA-Targeted Therapy in Chronic Hepatitis C Patients. Antivir. Res. 2014, 111, 53–59. [Google Scholar] [CrossRef]

	



Kristen, A.V.; Ajroud-Driss, S.; Conceição, I.; Gorevic, P.; Kyriakides, T.; Obici, L. Patisiran, an RNAi Therapeutic for the Treatment of Hereditary Transthyretin-Mediated Amyloidosis. Neurodegener Dis. Manag. 2019, 9, 5–23. [Google Scholar] [CrossRef] [PubMed]

	



Coelho, T.; Adams, D.; Conceição, I.; Waddington-Cruz, M.; Schmidt, H.H.; Buades, J.; Campistol, J.; Berk, J.L.; Polydefkis, M.; Wang, J.J.; et al. A Phase II, Open-Label, Extension Study of Long-Term Patisiran Treatment in Patients with Hereditary Transthyretin-Mediated (HATTR) Amyloidosis. Orphanet J. Rare Dis. 2020, 15, 179. [Google Scholar] [CrossRef]

	



Idris, A.; Davis, A.; Supramaniam, A.; Acharya, D.; Kelly, G.; Tayyar, Y.; West, N.; Zhang, P.; McMillan, C.L.D.; Soemardy, C.; et al. A SARS-CoV-2 Targeted SiRNA-Nanoparticle Therapy for COVID-19. Mol. Ther. 2021, 29, 2219–2226. [Google Scholar] [CrossRef]

	



Fu, Y.; Chen, J.; Huang, Z. Recent Progress in MicroRNA-Based Delivery Systems for the Treatment of Human Disease. ExRNA 2019, 1, 24. [Google Scholar] [CrossRef]

	



Tuttolomondo, M.; Casella, C.; Hansen, P.L.; Polo, E.; Herda, L.M.; Dawson, K.A.; Ditzel, H.J.; Mollenhauer, J. Human DMBT1-Derived Cell-Penetrating Peptides for Intracellular SiRNA Delivery. Mol. Ther. Nucleic Acids 2017, 8, 264–276. [Google Scholar] [CrossRef]

	



Alemany, R.; Curiel, D. CAR-Binding Ablation Does Not Change Biodistribution and Toxicity of Adenoviral Vectors. Gene Ther. 2001, 8, 1347–1353. [Google Scholar] [CrossRef]

	



Doronin, K.; Flatt, J.W.; Di Paolo, N.C.; Khare, R.; Kalyuzhniy, O.; Acchione, M.; Sumida, J.P.; Ohto, U.; Shimizu, T.; Akashi-Takamura, S.; et al. Coagulation Factor X Activates Innate Immunity to Human Species C Adenovirus. Science 2012, 338, 795–798. [Google Scholar] [CrossRef]

	



Kratzer, R.F.; Kreppel, F. Production, Purification, and Titration of First-Generation Adenovirus Vectors. Methods Mol. Biol. (Clifton N.J.) 2017, 1654, 377–388. [Google Scholar] [CrossRef]

	



Graham, F.L.; Smiley, J.; Russell, W.C.; Nairn, R. Characteristics of a Human Cell Line Transformed by DNA from Human Adenovirus Type 5. J. Gen. Virol. 1977, 36, 59–74. [Google Scholar] [CrossRef] [PubMed]

	



Kreppel, F.; Gackowski, J.; Schmidt, E.; Kochanek, S. Combined Genetic and Chemical Capsid Modifications Enable Flexible and Efficient De- and Retargeting of Adenovirus Vectors. Mol. Ther. 2005, 12, 107–117. [Google Scholar] [CrossRef] [PubMed]

	



Maizel, J.V.; White, D.O.; Scharff, M.D. The Polypeptides of Adenovirus. I. Evidence for Multiple Protein Components in the Virion and a Comparison of Types 2, 7A, and 12. Virology 1968, 36, 115–125. [Google Scholar] [CrossRef]

	



Jönsson, F.; Hagedorn, C.; Kreppel, F. Combined Genetic and Chemical Capsid Modifications of Adenovirus-Based Gene Transfer Vectors for Shielding and Targeting. J. Vis. Exp. 2018, 140, e58480. [Google Scholar] [CrossRef]

	



Muyrers, J.P.; Zhang, Y.; Testa, G.; Stewart, A.F. Rapid Modification of Bacterial Artificial Chromosomes by ET-Recombination. Nucleic Acids Res. 1999, 27, 1555–1557. [Google Scholar] [CrossRef] [PubMed]

	



Weil, P.P.; Reincke, S.; Hirsch, C.A.; Giachero, F.; Aydin, M.; Scholz, J.; Jönsson, F.; Hagedorn, C.; Nguyen, D.N.; Thymann, T.; et al. Uncovering the Gastrointestinal Passage, Intestinal Epithelial Cellular Uptake and Ago2 Loading of Milk MiRNAs in Neonates Using Xenobiotic Tracers. medRxiv 2022. [Google Scholar] [CrossRef]

	



Kirby, I.; Davison, E.; Beavil, A.J.; Soh, C.P.C.; Wickham, T.J.; Roelvink, P.W.; Kovesdi, I.; Sutton, B.J.; Santis, G. Identification of Contact Residues and Definition of the CAR-Binding Site of Adenovirus Type 5 Fiber Protein. J. Virol. 2000, 74, 2804–2813. [Google Scholar] [CrossRef]

	



Alba, R.; Bradshaw, A.C.; Parker, A.L.; Bhella, D.; Waddington, S.N.; Nicklin, S.A.; van Rooijen, N.; Custers, J.; Goudsmit, J.; Barouch, D.H.; et al. Identification of Coagulation Factor (F)X Binding Sites on the Adenovirus Serotype 5 Hexon: Effect of Mutagenesis on FX Interactions and Gene Transfer. Blood 2009, 114, 965–971. [Google Scholar] [CrossRef]

	



Krutzke, L.; Prill, J.M.; Engler, T.; Schmidt, C.Q.; Xu, Z.; Byrnes, A.P.; Simmet, T.; Kreppel, F. Substitution of Blood Coagulation Factor X-Binding to Ad5 by Position-Specific PEGylation: Preventing Vector Clearance and Preserving Infectivity. J. Control Release 2016, 235, 379–392. [Google Scholar] [CrossRef]

	



Prill, J.-M.; Subr, V.; Pasquarelli, N.; Engler, T.; Hoffmeister, A.; Kochanek, S.; Ulbrich, K.; Kreppel, F. Traceless Bioresponsive Shielding of Adenovirus Hexon with HPMA Copolymers Maintains Transduction Capacity in Vitro and in Vivo. PLoS ONE 2014, 9, e82716. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.M.; Bahal, R.; Rasmussen, T.P.; Manautou, J.E.; Zhong, X.-B. The Growth of SiRNA-Based Therapeutics: Updated Clinical Studies. Biochem. Pharmacol. 2021, 189, 114432. [Google Scholar] [CrossRef]

	



Dasgupta, I.; Chatterjee, A. Recent Advances in MiRNA Delivery Systems. Methods Protoc. 2021, 4, 10. [Google Scholar] [CrossRef] [PubMed]

	



Brachtlova, T.; van Ginkel, J.-W.; Luinenburg, M.J.; de Menezes, R.X.; Koppers-Lalic, D.; Pegtel, D.M.; Dong, W.; de Gruijl, T.D.; Beusechem, V.W. van Expression of Oncolytic Adenovirus-Encoded RNAi Molecules Is Most Effective in a Pri-MiRNA Precursor Format. Mol. Ther. -Oncolytics 2020, 19, 332–343. [Google Scholar] [CrossRef]

	



Lagos-Quintana, M.; Rauhut, R.; Yalcin, A.; Meyer, J.; Lendeckel, W.; Tuschl, T. Identification of Tissue-Specific MicroRNAs from Mouse. Curr. Biol. 2002, 12, 735–739. [Google Scholar] [CrossRef]

	



Leopold, P.L.; Ferris, B.; Grinberg, I.; Worgall, S.; Hackett, N.R.; Crystal, R.G. Fluorescent Virions: Dynamic Tracking of the Pathway of Adenoviral Gene Transfer Vectors in Living Cells. Hum. Gene Ther. 1998, 9, 367–378. [Google Scholar] [CrossRef]

	



Pied, N.; Wodrich, H. Imaging the Adenovirus Infection Cycle. FEBS Lett. 2019, 593, 3419–3448. [Google Scholar] [CrossRef]

	



Li, X.; Zhao, X.; Fang, Y.; Jiang, X.; Duong, T.; Fan, C.; Huang, C.C.; Kain, S.R. Generation of Destabilized Green Fluorescent Protein as a Transcription Reporter. J. Biol. Chem. 1998, 273, 34970–34975. [Google Scholar] [CrossRef]

	



Kauffman, K.J.; Oberli, M.A.; Dorkin, J.R.; Hurtado, J.E.; Kaczmarek, J.C.; Bhadani, S.; Wyckoff, J.; Langer, R.; Jaklenec, A.; Anderson, D.G. Rapid, Single-Cell Analysis and Discovery of Vectored MRNA Transfection In Vivo with a LoxP-Flanked TdTomato Reporter Mouse. Mol. Ther. -Nucleic Acids 2018, 10, 55–63. [Google Scholar] [CrossRef]

	



Lu, S.; Cullen, B.R. Adenovirus VA1 Noncoding RNA Can Inhibit Small Interfering RNA and MicroRNA Biogenesis. J. Virol. 2004, 78, 12868–12876. [Google Scholar] [CrossRef]

	



Bennasser, Y.; Chable-Bessia, C.; Triboulet, R.; Gibbings, D.; Gwizdek, C.; Dargemont, C.; Kremer, E.J.; Voinnet, O.; Benkirane, M. Competition for XPO5 Binding between Dicer MRNA, Pre-MiRNA and Viral RNA Regulates Human Dicer Levels. Nat. Struct. Mol. Biol. 2011, 18, 323–327. [Google Scholar] [CrossRef] [PubMed]

	



Yamaguchi, T.; Kawabata, K.; Kouyama, E.; Ishii, K.J.; Katayama, K.; Suzuki, T.; Kurachi, S.; Sakurai, F.; Akira, S.; Mizuguchi, H. Induction of Type I Interferon by Adenovirus-Encoded Small RNAs. Proc. Natl. Acad. Sci. USA 2010, 107, 17286–17291. [Google Scholar] [CrossRef] [PubMed]

	



Kamel, W.; Segerman, B.; Öberg, D.; Punga, T.; Akusjärvi, G. The Adenovirus VA RNA-Derived MiRNAs Are Not Essential for Lytic Virus Growth in Tissue Culture Cells. Nucleic Acids Res. 2013, 41, 4802–4812. [Google Scholar] [CrossRef] [PubMed]

	



Pei, Z.; Shi, G.; Kondo, S.; Ito, M.; Maekawa, A.; Suzuki, M.; Saito, I.; Suzuki, T.; Kanegae, Y. Adenovirus Vectors Lacking Virus-Associated RNA Expression Enhance ShRNA Activity to Suppress Hepatitis C Virus Replication. Sci. Rep. 2013, 3, 3575. [Google Scholar] [CrossRef] [PubMed]

	



Machitani, M.; Sakurai, F.; Katayama, K.; Tachibana, M.; Suzuki, T.; Matsui, H.; Yamaguchi, T.; Mizuguchi, H. Improving Adenovirus Vector-Mediated RNAi Efficiency by Lacking the Expression of Virus-Associated RNAs. Virus Res. 2013, 178, 357–363. [Google Scholar] [CrossRef]

	



Elbashir, S.M.; Martinez, J.; Patkaniowska, A.; Lendeckel, W.; Tuschl, T. Functional Anatomy of SiRNAs for Mediating Efficient RNAi in Drosophila Melanogaster Embryo Lysate. EMBO J. 2001, 20, 6877–6888. [Google Scholar] [CrossRef]

	



Baccarini, A.; Chauhan, H.; Gardner, T.J.; Jayaprakash, A.D.; Sachidanandam, R.; Brown, B.D. Kinetic Analysis Reveals the Fate of a MicroRNA Following Target Regulation in Mammalian Cells. Curr. Biol. 2011, 21, 369–376. [Google Scholar] [CrossRef]

	



Greber, U.F.; Webster, P.; Weber, J.; Helenius, A. The Role of the Adenovirus Protease on Virus Entry into Cells. EMBO J. 1996, 15, 1766–1777. [Google Scholar] [CrossRef]

	



Yang, Y.; Nunes, F.A.; Berencsi, K.; Furth, E.E.; Gönczöl, E.; Wilson, J.M. Cellular Immunity to Viral Antigens Limits E1-Deleted Adenoviruses for Gene Therapy. Proc. Natl. Acad. Sci. USA 1994, 91, 4407–4411. [Google Scholar] [CrossRef]

	



Martina, Y.; Avitabile, D.; Piersanti, S.; Cherubini, G.; Saggio, I. Different Modulation of Cellular Transcription by Adenovirus 5, DeltaE1/E3 Adenovirus and Helper-Dependent Vectors. Virus Res. 2007, 130, 71–84. [Google Scholar] [CrossRef]

	



Komatsu, T.; Dacheux, D.; Kreppel, F.; Nagata, K.; Wodrich, H. A Method for Visualization of Incoming Adenovirus Chromatin Complexes in Fixed and Living Cells. PLoS ONE 2015, 10, e0137102. [Google Scholar] [CrossRef] [PubMed]

	



Nakanishi, T.; Maekawa, A.; Suzuki, M.; Tabata, H.; Sato, K.; Mori, M.; Saito, I. Construction of Adenovirus Vectors Simultaneously Expressing Four Multiplex, Double-Nicking Guide RNAs of CRISPR/Cas9 and in Vivo Genome Editing. Sci. Rep. 2021, 11, 3961. [Google Scholar] [CrossRef] [PubMed]

	



Stripecke, R.; Carmen Villacres, M.; Skelton, D.; Satake, N.; Halene, S.; Kohn, D. Immune Response to Green Fluorescent Protein: Implications for Gene Therapy. Gene Ther. 1999, 6, 1305–1312. [Google Scholar] [CrossRef] [PubMed]

	



Ansari, A.M.; Ahmed, A.K.; Matsangos, A.E.; Lay, F.; Born, L.J.; Marti, G.; Harmon, J.W.; Sun, Z. Cellular GFP Toxicity and Immunogenicity: Potential Confounders in in Vivo Cell Tracking Experiments. Stem. Cell Rev. 2016, 12, 553–559. [Google Scholar] [CrossRef]

	



Weklak, D.; Pembaur, D.; Koukou, G.; Jönsson, F.; Hagedorn, C.; Kreppel, F. Genetic and Chemical Capsid Modifications of Adenovirus Vectors to Modulate Vector–Host Interactions. Viruses 2021, 13, 1300. [Google Scholar] [CrossRef]








[image: Viruses 14 01952 g001 550] 





Figure 1. An adenoviral vector used for expression of miRNAs. (A) An expression cassette encoding for EGFP reporter gene, and a pre-miRNA driven by a CMV promoter was inserted in E1-deleted region of Ad5. Subsequently, miRNA sequence was replaced with a counter-selection marker (rpsl/neo) enabling fast and efficient insertion of any miRNA of choice via homologous recombination. Primer located in 5′- and 3′-miR flanking regions were used to screen for positive clones after recombination. (B) Primers located within the 5′- and 3′-miR flanking region were employed to screen for miRNA insertion in a diagnostic colony PCR. Constructs harbouring the rpsl/neo counter selection cassette resulted in a 1630-bp PCR fragment, whereas successful miRNA insertion resulted in a 371-bp PCR. Ad-miRNA-rpslneo and Ad-miRscr served as negative and positive control, respectively. (C) Recombination efficiency was determined by inserting 13 different miRNAs; number of positive clones was ascertained with PCR. On average, miRNAs could be inserted with an efficiency of 80.6 ± 16.7%. ITR, inverted terminal repeats; ψ, packaging signal; E1–E4, early genes; L1–L5, late genes; 5′-/3′- miR FR, 5′-/3′- miRNA flanking regions; HA, homology arms; NTC, no template control. 
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Figure 2. Ad-derived miRNAs were stably expressed for 96h and suppress target gene expression. (A) We monitored Ad-driven miRNA expression (MOI 500) over 96 h using quantitative PCR. Control miRNA miRscr showed elevated expression levels compared to miRTom1 and miRTom2 at all time points. Further, all miRNAs seemed to accumulate in the cell over time (24 h vs. 96 h: miRscr, 9,51-fold; miRTom1, 3.99-fold; miRTom2, 8.28-fold). (B) A549 cells were transduced with either Ad-miRTom1, Ad-miRTom2, or both vectors in combination; Ad-miRscr served as negative control (MOI 2000). Cells were then transduced with Ad-tdTomato (MOI 500) with delay of 12 h. Target gene expression (tdTomato) was normalised to miRNA-expression (EGFP), and changes in tdTomato gene expression were calculated relative to Ad-miRscr-treated cells. Target gene expression remained unaffected within the first 48 hpt (miRTom1: 0.69 ± 0.29, p = 0.083; miRTom2: 0.91 ± 0.42, p = 0.54; combined: 0.63 ± 0.07, p = 0.068), but significantly decreased 72 hpt with a reduction of 57.7% ± 9.31% for miRTom1 (miRTom1: 0.42 ± 0.09, p < 0.001; miRTom2: 0.66 ± 0.09, p < 0.001; combined: 0.51 ± 1.2, p < 0.001). This suppression became more distinct at 96 hpt. Overall, miRTom1 achieved a reduction of 65.9% ± 6.1% and thus proved to be most potent in target down-regulation (miRTom1: 0.34 ± 0.06, p < 0.001; miRTom2: 0.46 ± 0.06, p < 0.001; combined: 0.38 ± 0.06, p < 0.001). Significance values were calculated with Dunnett’s test. MFI, mean fluorescence intensity; hpt, hours post-transduction; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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Figure 3. Dose-dependent expression of miRNA and targeting. A549 cells were transduced with Ad-tdTomato (MOI 100) and escalating MOIs of Ad-miRTom1. Expression levels of miRTom1 and target RNA were analysed in quantitative PCR. (A,C) Expression of CMV-driven miRNA (miRTom1) was scalable and correlated with physical adenoviral vector particles used for transduction (C: MOI 100: 9.7-fold expression over MOI 10; MOI 1000: 72.4-fold expression over MOI 10; MOI 2500: 220.2-fold expression over MOI 10; r2 = 0.98). (B) Escalating doses of Ad-mirTom1 resulted in increased mRNA levels for tdTomato (44.5 ± 39.9, p = 0.006). (D) Complementation of applied physical Ad-miRTom1 vector particles with Ad-empty to an MOI 2500 resulted in dose-dependent downregulation (up to 50% reduction, p = 0.02) of target mRNA. Significance values were calculated with Dunnett’s test. MOIs (multiplicity of infection) were applied as indicated. ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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Figure 4. Effects of Ad-vector pre-treatment on vector particle uptake and cellular trafficking. Cells were transduced (pre-treated) with escalating doses of Ad-empty followed by transduction with EGFP-expressing vectors harbouring different capsid-modifications (left panel, wt capsid; center, ablated binding of CAR and FX; right panel, irreversible coupling to bi-functional PEG MPM2K). (A) 24 hpt transgene expression was analysed in flow cytometry. Increasing doses of Ad-empty resulted in increased transgene expression of Ad-EGFP (2.22 ± 0.91-fold, p < 0.001) and Ad-EGFP∆CAR∆FX (1.56 ± 0.48-fold, p < 0.001). However, transgene expression was not detected for Ad-EGFP-MPM2K (1.11 ± 0.24-fold, p = 0.634). (B) Genomic DNA at 24 hpt was extracted and EGFP-containing vector genomes were quantified. Again, escalating doses of Ad-empty correlated with an increased number of EGFP-containing vector genomes per cell for Ad-EGFP (1.99 ± 0.92-fold, p = 0.056) and Ad-EGFP∆CAR∆FX (2.24 ± 1.95-fold, p = 0.083), although this was not statistically significant. However, genome copies of Ad-EGFP-MPM2K could not be detected (0.5 ± 0.36-fold, p = 0.98). Significance values were calculated with Dunnett’s test. MOIs (multiplicity of infection) were applied as indicated. MFI, mean fluorescence intensity; ns, p > 0.05; *, p < 0.05; ***, p < 0.001. 
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Figure 5. Enhancement effect of pre-treatment did not require a time-shift. Cells were transduced simultaneously with Ad-tdTomato (MOI 100) and escalating doses of Ad-empty. (A) Transgene expression at 24 hpt was analysed in flow cytometry. An increased expression could be detected in correlation with increased particle titers of Ad-empty (1.94 ± 0.25-fold, p = 0.021). (B) Ad-tdTomato vector genomes were quantified 24 hpt in qPCR. In a similar pattern, although not statistically significant, escalating doses of Ad-empty correlated with an elevated number of Ad-tdTomato vector genomes per cell (2.69 ± 1.1-fold, p = 0.09). Significance values were calculated with Dunnett’s test. MOIs (multiplicity of infection) were applied as indicated. MFI, mean fluorescence intensity; hpt, hours post-transduction; ns, p > 0.05; *, p < 0.05. 
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Table 1. Efficiency of miRNA insertion. Thirteen different miRNAs were inserted in Ad-miRNA-rpslneo and the obtained clones were analysed by either digestion with restriction enzymes (miR1, miR2) or colony PCR (miR3–miR13). Positive refers to clones tested for successful miRNA insertion; negative refers to clones tested for unsuccessful miRNA insertion; other refers to ambiguous results. Of the analysed clones, at least 45.5% proved to be positive, with an average cloning efficiency of 80.6 ± 16.7%. # is the number of colonies.
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miRNA

	
Analysed

	
Positive

	
Negative

	
Other

	
Efficiency [%]






	
miR1

	
2

	
2

	
0

	
0

	
100




	
miR2

	
2

	
2

	
0

	
0

	
100




	
miR3

	
14

	
13

	
0

	
1

	
92.9




	
miR4

	
14

	
12

	
1

	
1

	
85.7




	
miR5

	
14

	
12

	
1

	
1

	
85.7




	
miR6

	
14

	
8

	
1

	
5

	
57.1




	
miR7

	
14

	
11

	
1

	
2

	
78.6




	
miR8

	
10

	
8

	
1

	
1

	
80.0




	
miR9

	
10

	
7

	
3

	
0

	
70.0




	
miR10

	
10

	
7

	
2

	
1

	
70.0




	
miR11

	
10

	
10

	
0

	
0

	
100.0




	
miR12

	
11

	
5

	
6

	
0

	
45.5




	
miR13

	
11

	
9

	
1

	
1

	
81.8
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