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Aim: Alterations of microglia, the brain-resident macrophages, are associated with numerous brain
pathologies. Genetic manipulation of microglia in diseases using small interfering RNA (siRNA) is ham-
pered by the lack of safe and efficient siRNA delivery methods. We assessed the amphiphilic dendrimer
(AD) for functional siRNA delivery and gene knockdown in primary microglia. Materials & methods: We
characterized the ability of AD to form nanoparticles with siRNA, and studied their size, surface poten-
tial, cell uptake and gene silencing in rodent microglia. Results: AD effectively delivered siRNA to primary
microglia and decreased target gene and protein expression, leading to transcriptomic changes without
affecting basal microglial functions. Conclusion: The dendrimer AD promises to be an innocuous carrier
for siRNA delivery into microglia.
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Microglia are the resident macrophages of the central nervous system (CNS). They participate in brain develop-
ment, regulation of homeostasis and synaptic plasticity, as well as protecting the brain from infections, metabolic
disturbances or misfolded proteins [1-3]. However, aberrant or chronic microglial activation leads to neuroinflamma-
tory brain damage linked to the pathogenesis of stroke and many neurodegenerative and psychiatric disorders [4-9].
Moreover, microglia contribute to the progression of brain tumors, including the most common and deadliest
glioblastoma multiforme (GBM) [10]. Microglia and peripheral macrophages massively infiltrate GBM tumors [11],
where they become polarized to promote glioma invasion, immunosuppression and angiogenesis [12,13]. Due to their
critical role as instigators of inflammatory or pro-tumorigenic events, microglia are considered to be a potentially
promising therapeutic target [14]. Therefore, further molecular insights into microglial functions are of paramount
importance for our understanding of neurological disorders and for fostering the development of effective treatments
for the related diseases.

Genetic manipulation using small interfering RNA (siRNA) is frequently used for studying genotype—phenotype
relationships and identifying potential drug targets and candidates [15-17). RNA interference (RNAI) is a biological
process in which siRNA molecules specifically inhibit gene translation by neutralizing targeted mRNA molecules
via Watson—Crick base-pairing. However, siRNA delivery to microglia has been difficult due to the high immune-
reactivity of microglia to transfection agents and the characteristic high charge and enzyme sensitivity of siRNA
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molecules [18,19]. Although both viral and nonviral vectors have been established for nucleic acid delivery, neither
class is safe for siRNA delivery to primary microglia. Viral vectors are highly efficient for delivering siRNA via
a short hairpin RNA (shRNA)-coding sequence, but they carry a high risk of mutagenesis and upregulation of
pro-inflammatory factors, which interfere with experimental conditions in studies on immune system cells. Certain
nonviral lipid and polymer vectors perform well for the majority of established cell lines, including immortalized
mouse microglial BV2 cells [20], but they have marginal efficacy; moreover, they also induce inflammatory gene
expression and have considerable toxic effects on primary microglia cultures. It is worth noting that microglia-
derived cell lines, frequently used for mechanistic studies, may acquire, during immortalization and repeated
passaging, different features that are not present under physiological conditions in primary cells [21]. Although there
are a few reports of nanoparticle-enhanced delivery of nucleic acids to peritoneal macrophages [22] or macrophage-
like J774 cells (23], gene expression was not analyzed in those studies and the effects on macrophage functions
are unknown. Therefore, there is an urgent need for safe and effective vectors, which do not induce undesired
microglial activation — for siRNA delivery to primary microglia — for not only therapeutic purposes but also a
deeper understanding of the role of microglia and macrophages in human brain pathologies.

Dendrimers, a special family of highly branched molecules with well-defined architecture and nanoscale size,
represent a promising platform for siRNA and drug delivery [24-28]. The advantages of dendrimer nanocarriers over
other delivery vectors are the precisely controlled and ramified molecular structure, high cargo payload and the
abundant peripheral groups, which allow cooperative multivalence and fine-tuning of the dendrimer properties
for effective on-demand delivery [29,30]. Poly(amidoamine) (PAMAM) dendrimers are the most intensively studied
dendrimers for siRNA delivery [24,29. PAMAM dendrimers have primary amine terminals, which are positively
charged at physiological pH, so that they can form stable complexes with negatively charged siRNA; thus, masking
the charges of siRNA and protecting it from degradation (31]. In addition, PAMAM dendrimers harbor tertiary
amines at the interior, which act as a proton sponge at lower pH (i.e., pH 5), and promote endosome escape;
hence, facilitating nucleic acid release [32]. Recently, amphiphilic PAMAM dendrimer nanosystems exploiting the
delivery advantages of both lipid and dendrimer vectors have been established by our group [28,33-38]. These den-
drimer delivery systems produced specific and long-term gene silencing in vitro and in vivo in various disease
models, outperforming commercial nonviral vectors [24]. Now, we present and discuss novel results obtained with
the amphiphilic dendrimer (AD), which bears two hydrophobic chains and one hydrophilic PAMAM dendron
for effective siRNA delivery to microglia in primary cell cultures (Figure 1). Notably, this AD dendrimer formed
small and robust nanoparticles with siRNA, which prevented siRNA degradation and facilitated siRNA uptake
into microglia. The subsequent siRNA-mediated gene silencing at the mRNA and protein levels had consequential
biological effects, in other words, attenuation of the pro-invasive polarization of microglia stimulated by glioma
tumor cells. Remarkably, this dendrimer nanovector did not induce unwanted phenotype, or transcriptome alter-
ations, or cellular toxicity in the microglia. To the best of our knowledge, this is the first-ever reported vector that
effectively delivers functional siRNA to primary microglia cultures without affecting the basal microglial functions
and responses. Consequently, it constitutes a promising tool for siRNA delivery in microglia and provides a new
outlook for functional and therapeutic studies in various models of CNS diseases.

Methods

Materials

The AD, synthesized according to our previously reported protocol [36], was dissolved in milli-Q water to 630 uM
as the stock solution. The control siRNA (ON-TARGET plus non-targeting pool; siCtrl), the siRNA targeting
Id1 (ON-TARGET plus SMART pool; sild1), the red fluorescent tag DY-547 labeled RISC, independent siRNA
transfection indicator (siGlo) and the red fluorescent-tag DY-547 labeled nontargeting control siRNA (siCtrl-Glo)
were obtained from Dharmacon, Inc. (CO, USA).

Agarose gel retardation analysis

The siRNA was dissolved in diethylpyrocarbonate (DEPC)-treated water at an appropriate concentration and
stored at 4.0°C. The dendrimer AD and siRNA solutions were mixed at various N/P ratios (= [total terminal
amines in the dendrimer AD]/[total phosphates in the siRNA]) from 2.5:1 to 15:1, and incubated at 37°C for
30 min. The siRNA/AD complexes were analyzed using electrophoretic mobility-shift assay (1.2% agarose gel in
standard Tris-Borate-EDTA [TBE] buffer), with naked siRNA as a control. The final concentration of siRNA was
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Figure 1. Amphiphilic dendrimer - a new carrier for siRNA delivery to microglia. (A) Chemical structure of the
amphiphilic poly(amidoamine)dendrimer. (B) Schematic presentation of siRNA/AD complex formation and
AD-mediated siRNA delivery.

AD: Amphiphilic dendrimer.

adjusted to 80 ng/well. The siRNA bands were stained by ethidium bromide and detected by a Herolab EASY
CCD camera (type 429K; Herolab, Wiesloch, Germany).

Transmission electron microscopy
Size and morphology of the siRNA/AD complexes were analyzed by transmission electron microscopy (TEM)
using a JEOL3010 transmission electron microscope (Tokyo, Japan). A solution (10 pl) of siRNA (3.0 uM) was
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mixed with a solution (10 pl) of dendrimer AD in milli-Q water at N/P ratio of 10 and incubated for 30 min
at 37°C. The mixture was then diluted 20-fold, an aliquot of 4.0 pl was withdrawn, deposited onto a standard
carbon-coated copper TEM grid and dried in air for 60 min at 37°C. The grid was stained with 3.0 ul uranyl
acetate (2.0 % in aqueous solution) for 5.0 s, and the excess uranyl acetate was removed by filter paper. The dried
specimens were observed at an accelerating voltage of 300 kV. Data were analyzed using the Digital Micrograph
software

Dynamic light scattering analysis

The size, size distribution and zeta potential of the siRNA/AD complexes were determined using dynamic light
scattering (DLS). The proper amount of siRNA and AD solutions (N/P ratio = 10, final siRNA concentra-
tion = 1.5 pM) were mixed, and incubated at 37°C for 30 min. This freshly prepared solution was measured using
a Zetasizer Nano ZS (Malvern Ltd., Malvern, UK) equipped with a standard He-Ne ion laser of 633 nm at 25°C.
All experiments were performed in triplicate.

RNase A protection assay

Aliquots of siRNA and AD solutions were mixed at N/P ratio = 10, and kept at 37°C for 30 min. The obtained
siRNA/AD complexes were incubated in the presence of 0.25 pg/pl RNase A at 37°C for different periods of
time and then treated with 1.0% SDS solution at 4.0°C for siRNA release. Samples were run in a 1.2% agarose gel
containing ethidium bromide and then detected by a Herolab EASY CCD camera (type 429K; Herolab, Wiesloch,
Germany). Naked siRNA served as a control.

Isothermal titration calorimetry measurements

Isothermal titration calorimetry (ITC) experiments were conducted using a MicroCal PEAQ-ITC calorimeter
(Malvern Ltd.) at 25°C. The cell volume was 208 pl. All experiments were conducted by step-by-step injections
of a constant volume of siRNA solution into the calorimetric cell containing a solution of AD in ultrapure
water. Specifically, the siRNA solution (25 M) was injected in 19 portions of 2.0 pl at 600-s intervals, while the
concentration of AD in the calorimeter cell was 50 M. All solutions were degassed for 30 min at room temperature
under stirring at 600 r.p.m. prior to each experiment. After washing, the cell was prerinsed with a portion of the
ultrapure water solution and upon filling the cell and syringe, stirring was turned on and each system was allowed
to thermally equilibrate for 30 min. The heat signals resulting from mixing, dilution effects and liquid friction were
further confirmed by control experiments (data not shown); accordingly, they were subtracted from the relevant
datasets to yield the corrected integrated data. All experiments were run in triplicate.

Cell culture & transfection

Microglial primary cultures were prepared from the cerebral cortices of PO-P2 Wistar rat pups and C57BL6] mouse
pups as previously described [39,40]. Microglial cells were isolated from glial culture monolayers by gentle shaking,
then collected by centrifugation, checked for viability and seeded at a density of 2-3 x 10> cells/cm? onto plastic
dishes (for nonadherent cultures) or glass culture slides in high-glucose culture medium (DMEM supplemented
with Glutamax, 10% fetal bovine serum [Gibco, Invitrogen; CA, USA] and 100 units/ml of penicillin, 100 pg/ml
of streptomycin). Microglial cultures were used for experiments 48 h after seeding. Cells were stimulated with
100 ng/ml lipopolysaccharide from Salmonella enteritidis (Sigma-Aldrich, MO, USA) or conditioned media from
rat C6 glioma cells (ATCC, VA, USA). Glioma conditioned media (GCM) were prepared as follows: 24 h after
seeding 1 x 10° C6 cells onto 100-mm dishes, standard culture media were exchanged for 8 ml of the medium used
for microglial cultures. Conditioned media were harvested after 24 h, centrifuged at 300 x g for 10 min and added
to microglial cultures. For lentiviral infection, 1 x 107 viral particles per cell were added to microglia cultures.
Lentiviral vectors were prepared at the Laboratory of Cell Engineering, Nencki Institute of Experimental Biology
and expressed shRNA targeting Firefly Luciferase with no significant homology to any mammalian transcript. For
siRNA delivery using Viromer, microglia cells were transfected with 25 nM siGlo or control nontargeting siRNA
using Viromer blue transfection reagent (Lipocalyx) at 0.1% dilution in culture medium. After 4 h the transfection
medium was removed and cells were kept under standard conditions for 24 or 48 h. For siRNA delivery using
dendrimer AD, microglial cells were treated with siRNA/dendrimer AD complexes prepared in OptiMEM and
added at 1:10 dilution to standard culture medium. Final siRNA concentrations in the cell culture were 12.5 to
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50 nM complexed with dendrimer AD at N/P = 10. The effects of transfection procedure on gene and protein
expression, cell viability and proliferation were analyzed at indicated time points.

Immunocytochemistry

To visualize endosomes, the cells were stained for EEA1. Microglia cells cultured on coverslips were fixed with
2% paraformaldehyde at indicated time points postdelivery of siRNA/AD complexes, permeabilized and treated
with free-aldehyde quenching solution followed by a blocking solution. The cells were then stained with rabbit
anti-EEA1 antibody (1:500, Enzo, NY, USA), followed by AlexaFluor488-conjugated donkey anti-rabbit antibody
(1:800, Invitrogen, USA). The cell nuclei were labeled with DAPI (1:1000, Sigma) and finally the coverslips were
mounted with Fluorescence Mounting Medium (Dako North America Inc., CA, USA) on glass slides. Subcellular
localization of siRNA/AD complexes was verified using z-stack optical sections obtained with a confocal microscope
(Fluoview FV10i, Olympus Corp., Tokyo, Japan). Representative orthogonal views were prepared from at least 12
z-stack optical sections using FV10-ASW software (Olympus Corp.).

Reverse transcription PCR

Total RNA was isolated using RNeasy kits (Qiagen, Hilden, Germany) and used as a template to synthesize
cDNA by extension of oligo(dT)15 primers (2.5 mmol/l) with 200 U of SuperScritpIll reverse transcriptase
(Life Technologies, CA, USA). Amplifications were performed in a 10-pl reaction volume containing SYBR PCR
MasterMix (Life Technologies) and a set of primers (Supplementary Table 1). The amount of target mRNA was first
normalized to the expression level of the 18S rRNA amplified from the same sample and then to untreated controls.
Data were analyzed with the Relative Quantification (*2Ct) method using QuantStudio 12K Flex software (Life
Technologies).

The mRNA library preparation & RNA sequencing

Integrity and quality of RNA were assessed with an Agilent 2100 Bioanalyzer using an RNA 6000 Nano Kit
(Agilent Technologies, CA, USA). In total, six strand-specific RNA libraries for sequencing were prepared (three
biological replicates/treatment) using a KAPA Stranded mRNA-Seq Kit (Kapa Biosystems, MA, USA). Poly-A
mRNAs were purified from 200 ng of total RNA using poly-T-oligo-magnetic beads (Kapa Biosystems). The
mRNAs were fragmented and first-strand cDNA was synthesized using reverse transcriptase and random hexamers.
Second-strand cDNA synthesis was performed by removing the RNA templates and synthesizing replacement
strands, incorporating dUTP in place of dTTP to generate double-stranded (ds) cDNA. The dsDNA fragments
were tailed at the 3’ ends with A’ bases, ligated to adapters from NEB, then subjected to uracil digestion by USER
enzyme (NEB, MA, USA). Amplification of fragments with adapters ligated on both ends was performed by PCR
using primers containing TruSeq barcodes (NEB). Final libraries were analyzed using Bioanalyzer and Agilent
DNA High Sensitivity chips (Agilent Technologies) to confirm fragment sizes (~300-350 bp). Quantification was
performed with a Quantus fluorometer and QuantiFluor dsDNA System (Promega, W1, USA). Libraries were
loaded at a concentration of 7.5 pM onto a rapid run flow cell and were paired-end sequenced on an Illumina
HiSeq 1500.

Bioinformatics analysis
RNA-seq reads were trimmed and aligned to the rat genome (version rn6) using the Trimmomatic [41] and STAR
software [42]. Samples were aligned to the transcriptome using the Rattus norvegicus gene annotation file from
Ensembl and reads were counted by genes using the featureCounts program [43]. Data quality analysis and batch
effect removal was performed using the NOIseq package (44] followed by differential analysis in order to compare
the siCtrl/AD- and sild1/AD-treated microglia cultures, both of which were stimulated for 6 h with GCM.
Datasets were analyzed for differences in individual gene expression (magnitude of fold change, FC), as well as for
functional pathway enrichment analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.
Identification of functional groups of genes was performed using the clusterProfiler package [45]. Genes that were
differentially expressed in terms of their false discovery rate (FDR) corrected p-values were sorted according to their
FC values; separate analyses for down- and upregulated genes were performed on genes with counts per million

(CPM) > 3.
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Western blotting

Protein extraction and western blotting were performed as reported in [46] with specific antibodies (all 1:1000)
recognizing Id1 (B-8; sc-133104, Santa Cruz Biotechnology) and recognizing Id3 (D16D10; #9837), cMyc
(D84C12; #5605) and the phosphorylated Rb (Ser807/811; #9308), all purchased from Cell Signaling (MA,
USA). Horseradish peroxidase-conjugated anti-rabbit IgG and anti-mouse IgG antibodies (1:10000) were from
Vector Laboratories, Inc., (CA, USA). Immunocomplexes were visualized using ECL (Amersham, Germany).
The membranes were stripped and re-probed with anti-GAPDH antibody (1:25000, #MAB374 EMD Millipore
Corp., MA, USA). The molecular weight of proteins was estimated with prestained protein markers (Thermo
Fisher Scientific, Vilnius, Lithuania).

5-Bromo-20-deoxyuridine proliferation assay

For cell proliferation analysis, microglial cells were seeded onto 96-well plates and transfected with the
siRNA/dendrimer complexes. After 48 h, the cells were stimulated with GCM for the next 24 h. 5-Bromo-
20-deoxyuridine (BrdU; 10 pM) was added for the last 20 h of treatment. Subsequently, cells were fixed and BrdU
incorporation was determined using a Cell Proliferation ELISA BrdU kit (Roche, Mannheim, Germany), according
to the manufacturer’s protocol.

Statistical analysis

Experiments were carried out on 3—5 independent primary microglial cultures. Statistical analyses were performed
using Student’s t-test or, for multiple comparisons, with two-way ANOVA followed by posr hoc Tukey test using
the GraphPad Prism software (GraphPad, Inc., CA, USA). The p-values < 0.05 were considered to be statistically
significant, and significance is marked on the graphs as *p < 0.05, **p < 0.01 and ***p < 0.001. Nonsignificant
differences are marked as ns.

Results

Formation of small & robust siRNA/dendrimer complexes to protect siRNA from degradation

In line with previous results from our group [36], the dendrimer AD, which is positively charged at physiological
pH, was able to complex the negatively charged siRNA via electrostatic interactions. As shown by the gel mobility
shift assay (Figure 2A), AD greatly retarded the migration of siRNA, when the N/P ratio (the number of dendrimer
amine terminals versus the number of siRNA phosphates) was above 2.5. The formed siRNA/AD complexes were
small and uniformly spherical in shape, as revealed by TEM (Figure 2B). Also, dynamic light scattering (DLS)
analysis confirmed that the siRNA/AD nanoparticles were small in size (~37 nm) (Figure 2C), and characterized by
a narrow polydispersity (0.20). In addition, the zeta potential of the siRNA/AD nanoparticles was around +15 mV
(Figure 2D), implying stable colloidal property. Thermodynamics assessments using ITC showed a substantial
exothermic (i.e., favorable), enthalpic contribution of the interactions between the siRNA molecules and the
dendrimer AD (AH = -6.53 kcal/mol), reflecting the essentially electrostatic nature of the driving force leading
to the formation of stable siRNA/AD complexes (Figure 2E). The related entropy variation upon siRNA/AD
binding was also favorable (i.e., positive TAS = 3.25 kcal/mol), and could be ascribed to the release of water and
counter ions from the siRNA/AD binding interface into bulk solvent. Overall, the free energy of binding AG was
largely negative (-9.78 kcal/mol), supporting the thermodynamically spontaneous and largely favorable formation
of siRNA/AD complexes. Indeed, the siRNA/AD complexes were very stable and effectively protected siRNA
from enzymatic digestion (Figure 2F, top); whereas, free siRNA was degraded rapidly (5 min) upon treatment with
RNase A (Figure 2E bottom). Altogether, our data demonstrate that the AD can form small and stable nanoparticles
with siRNA, which effectively protect the siRNA from degradation.

Effective cellular uptake & intracellular trafficking of siRNA in microglia

Cell uptake is one of the critical steps to ensure successful siRNA delivery. We therefore verified the uptake of the
siRNA/AD complexes in microglial cells using a reference siRNA labeled with a red fluorescent tag (denoted as
siGlo hereafter). As shown in Figure 3, uptake and accumulation of the siGlo/AD complexes was evident in the
majority of the primary microglial cells derived from both rats (Figure 3A) and mice (Figure 3B), with 80-90%
cells showing fluorescence. In contrast, microglia treated with naked siGlo had almost no notable fluorescent signal
(Supplementary Figure 1). This highlights the high efficiency of siRNA delivery mediated by the dendrimer AD.
Also, treatment with either the AD dendrimer alone or the siGlo/AD complexes did not affect cell morphology, and
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Figure 2. The amphiphilic dendrimer vector AD forms small and robust nanoparticles with siRNA, and protects the
siRNA from degradation. (A) AD binding with siRNA (80 ng) in diethylpyrocarbonate-treated water at different N/P
ratios varying from 2.5 to 15 was assessed using agarose gel electrophoresis. Naked siRNA was used as the control
(N/P ratio = 0). (B) transmission electron microscopy imaging, (C) Dynamic light scattering and (D) zeta potential
analysis of the siRNA/AD complexes at an N/P ratio of 10. (E) Isothermal titration calorimetry raw (left panel) and
integrated (right panel) data for titration of AD with siRNA in ultrapure water (T = 25°C). The dotted red line
represents data fitting with a sigmoidal function. All experiments were run in triplicate. (F) The siRNA with (top) and
without (bottom) AD was incubated with 0.25 ug/ul RNase A at room temperature for 30 min, and then with 1.0%
SDS at 4°C. The siRNA was analyzed by agarose gel electrophoresis.

AD: Amphiphilic dendrimer.
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SiGIo/AD

Figure 3. The amphiphilic dendrimer vector AD facilitates efficient delivery of siRNA to microglia. The siRNA
transfection indicator labeled with a red fluorescent tag (siGlo) was used. Cultures of rat microglial cells and mouse
microglial cells were UNT or incubated with the dendrimer AD alone or with the siGlo/AD complexes (12.5 nM siRNA
with AD at N/P 10). Representative images of rat (A) and mouse (B) microglial cells were taken 24 h post-transfection
and show unchanged cell morphology and high transfection efficiency. Confocal images of mouse microglia
incubated for 1 (C) or 3 h (D) with red fluorescent control siRNA (siCtrl-Glo)/AD complexes and stained with the green
fluorescent anti-EEA1 antibody to visualize endosomes. In cells transfected with the siCtrl-Glo/AD complexes, z-stack
projections and orthogonal views along the x and y axes demonstrated the presence of red-labeled siCtrl-Glo in the
endosomes at 1 h and endosomal escape at 3 h post-transfection.

AD: Amphiphilic dendrimer; UNT: Untreated.

the microglia remained elongated and bipolar (Figure 3A & B). These observations constituted a first indication
that the dendrimer AD is able to mediate safe siRNA delivery to primary microglia.

Cell internalization of nanosized particles is often associated with the endocytotic uptake pathway, in which the
nanoparticles are first entrapped in the endosomes and then released into the cytosol via endosomal escape. Accord-
ingly, we analyzed the intracellular trafficking of the red fluorescence-labeled control siRNA (siCtrl-Glo) /dendrimer
complexes in mouse microglia after immunostaining of cells with a green fluorescence-labeled antibody against the
early endosomal marker EEA1. After 1 h incubation of the microglial cells with the siCtrl-Glo/dendrimer com-
plexes, co-localization of the fluorescent signals from siCtrl-Glo (red) and endosomal EEA1 (green) was observed
as yellow signals under the confocal microscope (Figure 3C). This indicated that the siRNA/dendrimer complexes
were entrapped in the endosomes. Importantly, after 3-h incubation, dispersed and smeared red fluorescent signals
were observed in the cytosol (Figure 3D). These results indicate that the siRNA/dendrimer complexes had indeed
escaped from the endosomes into the cytosol. Collectively, these results highlight that the dendrimer AD nanovector
mediated safe and efficient cellular uptake and intracellular trafficking of siRNA in microglia. This prompted us to
perform further functional studies of siRNA-mediated gene silencing.
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The siRNA delivery mediated by AD without inflammatory or pro-invasive microglial response
Before performing functional studies using siRNA-mediated gene silencing in microglia, it is of great importance to
verify that the delivery vectors do not nonspecifically affect basal or induced gene expression. We therefore examined
the expression of a panel of genes, characteristic for either inflammatory (iRf7, iNos, COX2) or protumoral/pro-
invasive (YKL40, Argl, Id1, MMP14, cMyc, CX3CRI) microglial responses [46]. Microglial cells were untreated, or
treated with AD alone, or treated with the siRNA/AD complexes using a nontargeting siRNA (siCtrl). Neither
AD alone nor the siCtrl/AD complexes significantly changed the expression of any of the tested genes in rat
microglia cultures as compared with untreated control cultures (Figure 4A). In mouse microglial cells, due to the
limited number of cells in primary murine glial cultures, only a subset of these genes was tested (Figure 4B). All
the selected genes are major markers for distinct microglial phenotypes: /RF7 and INOS for the inflammatory
phenotype, and Arg/ and cMyc for the pro-invasive phenotype. Neither the dendrimer AD nor the siCerl/AD
complexes considerably influenced the expression of all these selected genes (Figure 4B). In addition, neither AD
alone nor the siCtrl/AD complexes upregulated the protein levels of inflammation mediators such as iNos and
Cox2, as shown in Figure 4C. It is to mention that primary microglia cultures treated with glioma conditioned
media (GCM) and a bacterial lipopolysaccharide (LPS, 100 ng/l) were used as the negative and positive controls
for inflammatory activation, respectively.

We next compared the performance of the AD dendrimer in siRNA delivery with that of commercial viral and
nonviral vectors. Primary rat microglia cultures were thus treated with: a lentiviral vector carrying a nontargeting
shRNA (shLuc) and a fluorescent labeled nontargeting siRNA (siGlo) complexed with the transfection reagent
Viromer Blue (named as Viromer hereafter). Both Viromer and lentiviral vectors delivered their cargos very
efficiently (Supplementary Figure 2A & B); however, the /RF7 mRNA was found to be strongly upregulated, by
almost 100-fold and 250-fold at 1 day post-treatment, in shLuc/LV- and siCtrl/Viromer-transfected microglial
cells, respectively (Figure 4D). At the same siRNA concentration (25 nM) as used in the transfection with Viromer,
siRNA/AD complexes induced less than a twofold increase in the level of /RF7 mRNA at 1 day postexposure
and the observed increase was not statistically significant (Figure 4D). The /RF7 gene encodes interferon response
factor 7, a transcription factor that is activated as a part of the inflammatory response and is a key regulator
of the type I (IFNa and IFNP) interferon response during immune responses (47]. In our studies on microglia,
robust upregulation of /RF7 mRNA by several dozen fold was the main indicator that inflammation was induced.
It is worth noting that even transient stimulation is able to deregulate gene expression and may alter microglia
behavior (48]. In addition, the induction of the inflammatory response in siCtrl/Viromer-transfected microglial
cells was further corroborated by the observed upregulation of genes associated with antiviral responses such as
IFNB, IRF7 and ZBPI (Supplementary Figure 3). Taken together, these results show that, in contrast to the tested
viral and nonviral carriers, the AD did not induce inflammatory gene expression, while maintaining a high siRNA
delivery efficiency.

With the goal of maximizing the delivery efficiency while maintaining the minimal side-effects of the dendrimer
vector AD, we searched for an optimal siRNA concentration using either the fluorescently tagged siGlo as the
transfection indicator (Figure 5A & B) or the nontargeting siCtrl for the gene expression analysis (Figure 5C &
D). We found that the siGlo/AD complexes with siRNA concentrations of 12.5 and 25.0 nM had very high cell
uptake and siRNA delivery, without inducing notable morphological alterations in rat microglial cells (Figure 5A)
or mouse microglial cells (Figure 5B). Concomitantly, no significant alteration in gene expression was observed in
rat microglial cells (Figure 5C) or mouse microglial cells (Figure 5D) when treated with the siCtrl/AD complexes
with siRNA concentrations of 12.5 and 25.0 nM. At the highest siRNA concentration tested (50 nM), a slight
activation of microglia was observed, as evidenced by the moderate shift towards the amoeboid cell shape of mouse
microglia (Figure 5B) together with the increases of ARG, iNOS and IRF7 expression (Figure 5C & Figure 5D),
which were more pronounced in rat microglia (Figure 5C). As a highly variable inflammatory response is an inherent
feature of primary cultures, some increase in gene expression was observed in a few experiments when the highest
siRNA concentration was used. However, these gene expression changes were not statistically significant. In order
to minimize the side effects and achieve best delivery performance, we used 12.5 nM siRNA with the dendrimer
AD at a N/P ratio of 10 for further studies.

Functional siRNA delivery in a cellular model of microglia—glioma interaction
With the optimized delivery conditions at hand, and with the goal of specifically interfering with glioma-related
responses, we next tested the dendrimer AD for functional siRNA delivery to block selected gene expression in
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Figure 4. The siRNA delivery mediated by amphiphilic dendrimer does not induce inflammatory or pro-invasive response of microglia.
(A, C) AD-mediated siRNA delivery to rat and (B) mouse microglia does not upregulate inflammatory or pro-invasive response genes
(A-D), while both a lentiviral vector and a commercial nonviral vector Viromer induce strong inflammation (D). Cultures of rat microglial
cells and mouse microglial cells were UNT or incubated with the dendrimer AD alone or with the siRNA/AD complexes (12.5 nM siRNA
with AD at N/P 10). For gene expression assays, the siCtrl was employed. Gene expression in (A) rat and (B) mouse microglial cells was
measured using quantitative real-time PCR 48 h post-transfection (N = 3, average + standard deviation). (C) The protein levels of the
inflammation mediators iNos and Cox2 were analyzed in rat microglial cultures by western blotting at 72 h post-transfection. Membranes
were stripped after probing with antibodies and detection of f-actin ensured equal protein loading. Microglia cultures treated with
glioma conditioned medium and 100 ng/ml bacterial lipopolysaccharide were used as negative and positive controls for the inflammatory
responses, respectively. (D) Primary rat microglia cultures were transfected using lentiviral vector carrying a control shRNA targeting the
luciferase gene (shLuc/LV), the nonviral vector Viromer complexed with 25 nM of the siCtrl and the dendrimer vector AD complexed with
25 nM of the control siCtrl (at N/P 10). The mRNA level of irf7 in primary rat microglia cultures transduced with the shLuc/LV, transfected
with the siCtrl/Viromer and siCtrl/AD at 1 day after transfection is presented as fold change relative to untreated cells.

AD: Amphiphilic dendrimer; siCtrl: Nontargeting siRNA control; UNT: Untreated.

microglia. It is to mention that the molecular events underlying glioma-induced polarization of microglia can be
mimicked 77 vitro by applying GCM to primary cultures of microglial cells (39,491, which leads to the activation of
specific signaling pathways, increased proliferation and global changes in gene expression, including upregulation of
genes such as ARG, cMyc, ID1, ID3 (46). Indeed, as shown in Figure 6, GCM significantly enhanced proliferation
of rat microglial cells (Figure 6A) and promoted the expression of the protumorigenic and pro-invasive genes ARG,
cMyc, ID1, ID3, SMAD7, MARKI1, CX3CRI and GPR34 (Figure 6B). Treatment with AD alone or the siCtrl/AD
complexes did not affect the basal and GCM-stimulated proliferation of microglia (Figure 6A), neither influenced
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Figure 5. Optimization for the safe siRNA delivery to microglia using the dendrimer vector AD. (A & B) AD-mediated
delivery of siRNA at increasing concentrations to microglia, and the effects on cell morphology and (C & D) gene
expression in microglia. The siGlo siRNA was used to study uptake efficacy by microscopy analysis and the siCtrl was
used to study the effects on gene expression. Representative images of (A) rat and (B) mouse microglia were taken
24 h post-treatment with the siGlo/AD complexes at different concentrations of siRNA at a constant ratio N/P = 10.
Gene expression in (C) rat and (D) mouse microglia was measured using quantitative real-time PCR at 48 h after
treatment with AD alone (white bars) or with the siCtrl/AD complexes (black bars). The siRNA and AD concentrations
are indicated. Bars represent the mean (n = 3, + standard deviation) gene expression relative to untreated cells.

AD: Amphiphilic dendrimer; siCtrl: Nontargeting siRNA.
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Figure 6. Amphiphilic dendrimer alone or its complex with the control siRNA does not affect glioma conditioned medium-induced
responses of microglia. Control or GCM-treated rat microglial cells were incubated with AD or siCtrl/AD complexes (12.5 nM siRNA with
AD at N/P = 10) as indicated. Proliferation of microglia was evaluated using BrdU incorporation assay at 72 h post-treatment (A).
Microglial responses to GCM were determined by gPCR gene expression analyses at 48 h post-treatment (B). Gene expression levels in
siCtrl/AD-transfected microglia are shown relative to AD alone (n = 3, mean =+ standard deviation). Groups were compared using two-way
ANOVA with a post hoc Tukey test for multiple comparisons: *p < 0.05; **p < 0.01; ***p < 0.001.
AD: Amphiphilic dendrimer; BrdU: 5-Bromo-20-deoxyuridine; GCM: Glioma conditioned medium; ns: Not significant; gPCR:quantitative
real-time PCR; siCtrl: Control siRNA.
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the expression of the GCM-induced genes (Figure 6B). Cells treated with either AD or the siCtrl/AD complexes
retained their ability to proliferate and respond to GCM. These functions of microglia, as judged by the evaluation
of expression of selected genes, were preserved even when double the concentration of siRNA/AD complexes was
added to the culture medium (Supplementary Figure 4).

One of the genes upregulated by GCM in microglia is /D1 (46]. Id1 is a transcription regulator, which controls
cell growth and differentiation by preventing basic helix-loop-helix transcription factors from binding to DNA [s0].
Id factors bind to cell cycle regulators such as Rb proteins and Ets transcription factors that play key roles in cell
cycle regulation and thus cell proliferation (511. Id1 is a negative regulator of myeloid cell differentiation during
hematopoiesis [521 and also during tumor progression [53]. Previous work has revealed that /D1, ID3 and cMyc
mRNAs are upregulated in GCM-stimulated microglia, and the increase in /D1 expression precedes the changes
in /D3 and ¢Mpyc expression [46]. Accordingly, in the present study, the levels of /D1, ID3 and ¢Myc mRNA were
increased after adding GCM (Figure 6B). We then studied the outcomes of the AD-mediated delivery of an IDI-
specific siRNA (referred to as sild1 hereafter) on the reduction of the level of /DI mRNA, and the consequent effects
on GCM-induced upregulation of the other genes. Indeed, transfection of rat microglial cells with the sild1/AD
complexes significantly decreased the level of the /DI mRNA (Figure 7A). The level of ID1 protein was also reduced
(Figure 7B). Moreover, the expression of ¢Myc and /D3 was downregulated at both mRNA (Figure 7C & D) and
protein (Figure 7B) levels in microglial cells transfected with the sild1/AD complexes. The level of phosphorylated
Rb (phRb) also dropped following /DI knockdown (Figure 7B), which is consistent with the postulated mode of
the ID1 action [51].

In order to demonstrate the functional effect of /DI knockdown on microglial cells, we next performed global
gene expression analysis. RNA sequencing was used to measure the levels of mRNA expression and to generate
transcriptomic profiles in GCM-stimulated microglia treated with AD-delivered /dI-targeting siRNA and control
siRNA siCrrl. Using computational analysis, we identified genes that were differentially expressed between the
two conditions and classified these genes into functional categories defined in the KEGG pathways database.
The results of pathway enrichment analysis are shown in Supplemenatry Figure 5. Notably, we found significant
downregulation of genes related to the cell-cycle and DNA replication after /DI knockdown (Figure 7E), which
indicates the decreased proliferative activity of the microglia. The downregulated genes include those coding for
proliferation markers, such as proliferating cell nuclear antigen (PCNA); the E2F2 and E2F5 transcription factors,
which play a crucial role in the control of cell cycle and subunits of the DNA polymerases delta and epsilon, which
are involved in DNA replication (Figure 7F).

Moreover, silencing of /D1 in GCM-stimulated microglia led to upregulation of genes related to inflammation,
immune response and chemotaxis, which fall into chemokine, TNFo and NF-kB signaling pathways according
to KEGG (Figure 7E). This suggests restoration of the ability to initiate an immune response, which is largely
suppressed in microglia exposed to glioma-secreted factors [46,54]. In particular, the upregulated genes code for
several cytokines and chemokines (such as Ccl2, Ccl3, Ccl4, Ccl9, Ccl12, Cxcl10, Cxcl13 and 1115), mediators of
the response to TNFa (including Tnfaip3 and Irf1), and major subunits of the NF-kB transcription factor (Rela,
Relb and NFkb1), which are involved in cytokine-mediated immune and inflammatory responses (Figure 7F).

Collectively, these results show that the /D1 siRNA delivered by the dendrimer AD nanovector effectively
inhibited /DI gene expression in primary microglial cultures, leading to biological effects on genes controlling the
cell cycle and immune response.

Discussion
In this study, we demonstrated that the dendrimer AD safely and successfully delivered siRNA into rat and mouse
microglial cells in primary culture, leading to downregulation at both mRNA and protein levels, with subsequent
biological effects. In addition, AD was harmless to microglia and did not affect their basal function or immune
gene expression. This AD was designed for effective siRNA delivery by ensuring the formation of strong and
small complexes with siRNA, which protect siRNA from degradation, mask its negative charge and facilitate its
cellular uptake. Importantly, this dendrimer AD allowed for effective siRNA delivery at a low siRNA concentration,
and had no effect either on the morphology of primary microglia derived from murine and rat brains or on the
expression of inflammatory and pro-invasive response genes in these cells.

It should be mentioned that the two commonly used methods for genetic manipulation using RNAi, in other
words, treatment with lentiviral vector carrying shRNA and delivery of siRNA with the nonviral vector Viromer,
both led to a strong induction of /RF7 mRNA in microglia cultures (Figure 4D). /RF7 encodes a key regulatory

Research Article

future science group www.futuremedicine.com

2453



Research Article  Ellert-Miklaszewska, Ochocka, Maleszewska et al.

@
(@]
<

)
@
©
©

2 a
Id1 < Id3 cMyc
2.0~ £ = 15+ 87
o o & =
S < < B » s s
2 % 3
815 o 2 10 *
s g_ 1.0 . g :
3 ) )
5 8 2 o5
) o 0.5 e -
-% 0.5 £ =
& 2 e
_ 0.0-

LT g _ 2 o 2 2
s £ = = s S
= ke Gapdh = 5 O =
3 @ _ 5 @ 5

GCM GCM GCM

@

Downregulated Upregulated

| DNA replication
Cell cycle NFkappaB signaling

TNFa signaling

Statistical significance (-log,; g-value)

1| 1|0 OI OIO OI 1|0 1| siCtrl/AD  sild1/AD
-15 -1. -0.5 A 85 . 55 T
GCM

Relative gene expression sild1/siCtrl (log2 fold change)

Figure 7. Specific siRNA/amphiphilic dendrimer complexes effectively silence the glioma conditioned medium-induced expression of
ID1 and the related downstream genes in primary rat microglia. Rat microglia were transfected with AD alone, siCtrl/AD or sild1/AD.
Both siRNAs were complexed with AD at N/P = 10, 12.5 nM siRNA. (A, C & D) The levels of mRNA and (B) protein were analyzed 72 h
post-transfection using gPCR and western blotting, respectively. Microglia were stimulated with GCM for the last 6 h of treatment. Gene
expression is presented as fold change relative to the treatment with AD alone and stimulation with GCM (n = 3, mean =+ standard
deviation). Statistically significant differences between cultures treated with sild1/AD + GCM and siCtrl/AD + GCM were evaluated using
paired Student’s t-test. *p < 0.05; **p < 0.01. The effects of /d7 knockdown on the protein levels of Id1, Id3, cMyc and phRb were
evaluated using western blotting. Detection of Gapdh confirmed equal protein loading. (E) The Volcano plot shows down- and
upregulated genes (log2 fold change <0 and log2 fold change >0, respectively) after /d7 silencing in GCM-stimulated rat microglia
relative to siCtrl/AD-treated, GCM-stimulated cultures. Each dot above the dashed line (corresponding to g-value = 0.05) represents one
significantly changed gene. The genes from selected functional KEGG categories are marked in different colors, as indicated. (F) Z-score
heat maps for selected genes represent the relative change in gene expression in microglia treated with sild1/AD as compared with
siCtrl/AD, after GCM stimulation in both cases. Three replicates per treatment.

AD: Amphiphilic dendrimer; GCM: Glioma conditioned medium; phRB: Phosphorylated Rb; gPCR: quantitative real-time PCR; siCtrl/AD:
Complex of AD with control siRNA; sild1/AD: Complex of AD with the ID1-targeting siRNA.
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transcription factor of the type I IFN response, a hallmark of inflammation [47). Also, another frequently used
transfection reagent, lipofectamine, was recently reported to induce type I IFN inflammatory signaling in both
RAW 264.7 macrophage-like cells and primary bone marrow-derived macrophages [55]. Since immune dysregulation
can persist long after the initial insult, functional studies on microglia treated with previously available vectors were
largely hindered (48]. In view of the results reported here, the AD constitutes the long-searched and superior vector
for safe and effective siRNA delivery for the purpose of functional studies on primary microglial cells, when
compared with the commercially available viral and nonviral vectors, which induce strong inflammatory effects in
primary microglia cultures.

As acute or chronic alterations in microglia are often associated with numerous brain pathologies, we further
explored microglia responses in a cellular model of glioma-induced microglia activation, which mimics the interac-
tions between brain tumor cells and microglia within the tumor microenvironment. Microglia, when ‘educated’ by
the tumor, acquire a specific phenotype devoid of inflammatory components [13,46]. The GCM-induced responses
of microglia were not affected in the presence of either AD or its complexes with siRNA, even at twofold higher
concentrations as eventually used in functional assays. This emphasizes again the low toxicity of the AD as an
siRNA carrier for primary microglial cells. The lack of a priming pro-inflammatory effect provides more reliable
data for evaluation of the target gene knockdown.

The transcription regulator /41, which controls proliferation/differentiation in many cells, has been hypothesized
to act as a master switch in microglia activation by glioma-derived factors. The AD-mediated delivery of a specific
anti-/d1 siRNA triggered downregulation of the target /47 mRNA and its protein product in microglia, which
allowed exploration for the first time of the functions of 741 in GCM-stimulated microglia. Transcriptome analysis
showed that silencing of /41 in microglia affected the expression of cell cycle/proliferation-related genes, while
also uncovering a program regulating inflammatory gene expression, which was suppressed by glioma-derived
factors. This corroborates the recently postulated role of 741 in tumor-induced immunosuppression via inhibition
of myeloid cell maturation [53]. Collectively, our results demonstrate the excellent performance of AD-mediated
delivery of siRNA and highlight the potential of the AD as a potent and promising nanovector for efficient and
nonnoxious siRNA delivery to primary microglial cells.

Conclusion

We report in this work an amphiphilic PAMAM dendrimer AD which was able to mediate safe and effective delivery
of siRNA into primary microglia cultures. This dendrimer formed stable nanoparticles with siRNA, protected it
from degradation and facilitated its uptake in microglia without affecting basal microglial properties. Dendrimer-
delivered siRNA decreased target gene and protein expression, with consequent biological effects in a cellular model,
which mimics the interactions between tumor cells and microglia within the brain tumor microenvironment. This
dendrimer therefore constitutes a promising nanovector for siRNA delivery into microglia.

Future perspective

To our knowledge, this is the first report on dendrimer-mediated functional siRNA delivery to primary microglia
without affecting the basal microglial functions and responses. As microglial cells are the principal immune cells of
the brain and there is growing evidence to suggest that they have a role in many brain pathologies, the dendrimer
AD presented in this work constitutes a promising innocuous carrier for siRNA delivery into microglia, and opens
up new perspectives on functional genomic studies and therapeutic targeting of microglia in brain diseases. Further
advances in RNAI technology, such as the design of better siRNA entities, combined with enhanced capabilities
of AD to deliver siRNA specifically to microglia, may open up new possibilities for studies on microglial function
in various brain pathologies and for the development of RNAi-based therapeutics. We are actively working in this
direction.
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To view the supplementary data that accompany this paper please visit the journal website at:
www.futuremedicine.com/doi/full/10.2217/nnm-2019-0176
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Summary points

e Genetic manipulation of microglial functions in diseases using small interfering RNA (siRNA) has so far been
hampered by the lack of efficient and harmless siRNA delivery methods.

e This is the first report on functional siRNA delivery, mediated by an amphiphilic dendrimer nanovector, into
primary microglia with no effect on the basal microglial functions and responses.

e The amphiphilic dendrimer reported in this work is able to mediate safe and effective delivery of siRNA, and
decrease targetgene and protein expression in primary microglia cultures.

e This dendrimer formed stable nanoparticles with siRNA, protected the siRNA from degradation, facilitated its
cellular uptake and also enabled endosomal release.

e In contrast to the commercial nonviral vector or shRNA-carrying lentiviral vector, the dendrimer-mediated
siRNA-delivery did not trigger inflammatory signaling responses in primary microglia.

e Microglia cells treated with dendrimer/siRNA complexes retained their ability to proliferate and respond to
glioma cell-derived stimuli.

e Knockdown of the transcription regulator /d7 in microglia led to significant changes in gene expression, for
example, the downregulation of cell cycle-related genes and upregulation of genes associated with the immune
response.

e This dendrimer constitutes a promising innocuous carrier for siRNA delivery into microglia and opens up new
perspectives on functional genomic studies and therapeutic targeting of microglia in brain diseases.
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