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Purpose. The use of dendrimers for biomedical applications has emerged with promising results. 2G-
NN16 is a carbosilane dendrimer with sixteen positive charges per molecule tested to be capable to bind
and release antisense oligonucleotides (ODNs) and small interference RNA (siRNA) in vitro. In spite of
low cytotoxicity observed for these dendrimers, little is known about cellular changes they produce in
cells in general and in immune cells in particular.

Materials and Methods. Genomic technologies allow us to identify global gene expression profile
changes in macrophages exposed to a non-toxic concentration (5 pM) of 2G-NN16, alone or complexed
with a random siRNA (dendriplex). Results were confirmed by quantitative real-time RT-PCR.
Results. Exposing macrophages to this dendrimer or dendriplex causes multiple gene expression changes,
but no specific action of random siRNA was detected. Pathway analysis of differentially expressed genes
shows the altered functions to be immune response, proliferation and transcription regulation.
Interleukin 17F (IL17F) was the most regulated gene.

Conclusions. Global gene expression profiles are a highly sensitive method to measure the toxicity
degree of a gene delivery vehicle. The strong repression of IL17F, IL23R and IL23A, all of which are involved

in autoimmune disease, by this particular dendrimer suggests a potential pharmacological application.
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INTRODUCTION

Nanotechnology, in general, is experiencing a rapid
growth period with major advances arriving quickly. Accord-
ingly, these advances are applied in the biomedical field in
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numerous and diverse ways (1). Dendrimers have been
widely studied for biomedical applications. One of the most
promising is the use of these compounds as potential vectors
for targeted delivery of drugs, peptides, antisense oligonu-
cleotides and siRNA (2,3). The principal advantage of their

antigen; CR2, complement component (3d/Epstein Barr virus) receptor
2; CXCL1, chemokine (C-X-C motif) ligand 1; CXCL2, chemokine (C-
X-C motif) ligand 2; G-CSF, granulocyte colony-stimulating factor;
H3F3B, H3 histone, family 3B; HIST1H4B, histone cluster 1, H4b;
IL17F, Interleukin 17F; IL1B, Interleukin 1B; IL2, Interleukin 2; IL23A,
Interleukin 23A; IL23R, Interleukin 23 Receptor; IL6, Interleukin 6;
IL8, Interleukin 8; INF-vy, Interferon gamma; IPA, Ingenuity Pathways
Analysis; LDH, Lactate dehydrogenase; MDK, midkine (neurite
growth-promoting factor 2); MIP1-a, Macrophage inflammatory
protein la; MIP1-b, Macrophage inflammatory protein 1b; MLLT®6,
myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog,
Drosophila); translocated to, 6; NFKB1A, nuclear factor of kappa
light polypeptide gene enhancer in B-cells inhibitor, alpha; ODNS,
Oligonucleotide antisense; PAMAM, polyamidoamine dendrimers;
PBMC s, peripheral blood mononuclear cells; PI, propide iodide;
PRDX2, peroxiredoxin 2; PTMA, prothymosin, alpha; qRT-PCR,
quantitative reverse transcription polymerase chain reaction; siRNA,
small interference RNA; SLC1A2, arrier family 1 (glial high
affinity glutamate transporter), member 2; SYVNI, synovial
apoptosis inhibitor 1, synoviolin; TIA1, TIA1 cytotoxic granule-
associated RNA binding protein; TNF-a, tumor necrosis factor,
alpha.
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use is to improve the efficiency of the delivery by minimizing
the amount of transported agent and the adverse reactions
associated with the treatment. For example, introduction of
long (>30 mer) double-strand RNA into mammalian cells
leads to the initiation of the antiviral interferon response and
global protein expression shutdown (4). Furthermore, the
possibility to direct the drug to specific cell types by
complexing the dendrimer with a specific antibody has been
demonstrated (5). Another biomedical application is their use
in imaging, for example (6) by monitoring the cardiovascular
system, liver or kidney function and for imaging tumor
vasculature (7).

The mononuclear phagocytic system, principally macro-
phages, plays a central role in the host defence system. In the
same way as others foreign particles, dendrimers are first
captured by cells of the mononuclear phagocytic system when
circulating in blood (8). The interaction of macrophages with
dendrimers is for this reason extremely important and
justifies the investigation of the potential use of dendrimers
as vehicles for drug delivery. Interactions between U-937
human macrophages and poly(propyleneimine) dendrimers
have been recently described. In this work, these dendrimers
at non-cytotoxic concentrations are shown to modify param-
eters such as intracellular responses-ROS content, mitochon-
dria membrane potential, cell size and complexity, and cell
cycle profiles (9).

Promising results have been obtained in vitro using 2G-
NN16 carbosilane dendrimer as a vehicle for nucleic acids
(6,10). In our laboratory, 2G-NN16 has been shown to be
superior than commercial dendrimers, such as PAMAM
(polyamidoamine) or superfect, when primary cell lines such
as peripheral blood mononuclear cells (PBMCs) are trans-
fected with siRNA. Toxicity assays (MTT, LDH, Trypan
blue) in multiple primary and established cell lines have been
conducted demonstrating a low effect on cellular viability at
variable concentrations (6). However, toxicity assays studying
how the delivery reagents affect gene expression are not
routinely performed.

Two PAMAM dendrimers, differing only in their struc-
tural architecture, were shown to have opposite effects on
endogenous epidermal growth factor receptor (EGFR) gene
expression (11) in global gene expression profiling experi-
ments. In the same work the authors also showed that
PAMAM polyplexes with either DNA or siRNA produce
different global changes in gene expression.

In the present work we analyze the changes in global
gene expression profiles of primary cultures of human
macrophages induced by exposure to 2G-NN16 carbosilane
dendrimer. The effect of a dendriplex composed of 2G-NN16
and a random siRNA is also studied. Results obtained with
microarrays for the gene IL17F and its regulator IL23R were
confirmed and extended to IL23A using quantitative RT-
PCR. Possible biomedical applications of direct exposure to
2G-NN16 dendrimer to primary human macrophages are
discussed.

MATERIALS AND METHODS

Synthesis of 2G — [Si{ O(CH,),N(Me); (CH,),NME;
(I"),}s (2G-NN16) ZG—[Si{O(CHz)zN(Me);(CHz)zN
Med(I7),}]s , a carbosilane dendrimer, was used in the
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experiments. It is a second generation dendrimer that has a
carbosilane skeleton and a cationic surface consisting of 16
quaternized amines distributed uniformly. It will be referred
to as 2G-NN16 in this article for simplicity indicating that it is
a second generation dendrimer with two peripheral nitrogen
atoms per branch and sixteen positive charges. This den-
drimer was synthesized as previously described and obtained
as a white solid, soluble in water. 2G-NN16 contains eight Si-
O bonds that gave it the ability to degrade along time in
water (10). Full release of siRNA, previously complexed to
the dendrimer, is observed at 24 h in a water solution. The
hydrolysis of the carbosilane dendrimer used in this study is a
slow process that takes place over a period of 12 to 24 h after
being dissolved in water. Furthermore, the process of
hydrolysis is retarded when the pH increases, so that in a
physiological medium (pH about 7.4) the dendrimer remains
mostly unaltered for at least 24 h. This is sufficient time to
perform biomedical experiments such as toxicity profiles or
transfection assays. Given that the time used in our experi-
ments was 5 h, we can be certain that dendrimer and the
dendriplex, were not degradated. The structure of this
dendrimer is shown in Fig. 1.

Macrophages Isolation and Culture

PBMCs obtained from healthy individuals, were pro-
cessed by Ficoll density gradient centrifugation and activated
with 60 U/mL of IL2 and 2 pg/mL of phytohemaglutinine for
72 h in RPMI medium enriched with 10% of fetal bovine
serum and 1% of ampicillin, 1% of cloxacillin, 0.32% of
gentamicin and 2 nM glutamine at 37°C in a 5% CO,
atmosphere. Macrophages were isolated from these cells
mechanically, and were exposed to either 2G-NN16 den-
drimer or 2G-NN16 complexed with a random siRNA
(dendriplex), for 5 h in RPMI medium with the same
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Fig. 1. Complete chemical structure of 2G-NN16 dendrimer. A total
of 16 positive charges are present in the periphery of dendrimer
resulting in the capacity to bind the negatively charged siRNA.
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enrichment. For dendriplex formation, a ratio of charges 20:1
(NN16/siRNA) was used. The siRNA used was a negative
control tested to have no effect on human samples (D-
001910-02, Accell non-targeting siRNA, Thermo Fisher
Scientific, Chicago).

Cytotoxicity Assays

Toxicity assays were performed from two different
donors by measuring lactate dehydrogenase (LDH) and
propide iodide (PI) (Fig. 2). For the LDH assay (2B),
macrophages were grown at a concentration of 0.5x10°
cells/well (approximately) where they were kept overnight
before the treatment with the dendrimer or dendriplex. Cells
were exposed to 1, 2.5 and 5 pM of 2G-NN16 dendrimer or
dendriplex for 5 h. A parallel aliquot of cells was cultured in
absence of dendrimer for 5 h as a control. The cells were
detached mechanically, rinsed in PBS, and centrifuged at
2,500 rpm for 10 min. Supernatant was used to measure
toxicity by LDH cytotoxicity, following the instructions of
CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega).
Absorbance was read using Anthos 2001 Microplate Reader
(Inmunogenetics Diagnostica y terapeutica S.A.).

For the IP assays (2A), macrophages were grown in
conditions similar to those used for the LDH assays. After
addition of RPMI media and exposure to either dendrimer or
dendriplex, macrophages were washed twice in cold 1x PBS,
resuspended in 100 pl of 1x PBS and incubated in dark with 5 pl
of a-CD5-PC5 and a-CD14-FITC (both from Beckman Coul-
ter) for 30 min at room temperature. Cells were washed again in
1x PBS and incubated in dark with 5 pl of IP (1 mg/ml) solution
for 30 min at room temperature. Finally, macrophages were
analyzed in a FC500 flow cytometer (Beckman Coulter),
determining the number of dead macrophages by IP staining.

RNA Extraction

Macrophages were purified and exposed to RPMI, 5 uM
dendrimer or 5 uM dendriplex as described above. RNA from
purified macrophages (approximately 4x10° cells for each
condition) from three donors was extracted using RNeasy
Mini Kit (Qiagen) following manufacture’s instructions. RNA
concentrations were measured using the Nanodrop
Spectrophotometer ND-100 UV/Vis (Nanodrop Technologies).
When necessary, RNA was concentrated using a Concentrator

i

100
DM1uM  DM25uM  DM5uM DX 1uM DX 2,5uM DX 5uM

8

=3

6

o

4

=3

2

>

o

Control

579

5301 (Eppendorf). Before carrying out the microarray chip
assays, RNA integrity was verified using Agilent RNA 6000
Nano Kit in a 2100 Bioanalyzer (Agilent Technologies).

Microarrays

Microarrays experiments were performed following the
MIAME (Minimal information About a Microarry Experi-
ment) criteria. The data discussed in this publication have
been deposited in NCBI’s Gene Expression Omnibus (12)
and are accessible through GEO Series accession number
GSE12405 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE12405). For each sample, 1 pg of total RNA was
amplified and labelled using SuperScript Indirect RNA
Amplification Kit (Invitrogen) following manufacture’s
instructions. Briefly, RNA was denatured and reverse tran-
scribed to cDNA. This ¢cDNA was purified and in vitro
transcribed to RNA using T7 RNA polymerase. Amplified
RNA was purified and quantified using a Nanodrop Spectro-
photometer ND-100 UV/Vis (Nanodrop Technologies). Con-
trol and dendrimer probes were labelled, respectively, with
Alexa Fluor 647 reactive dye decapack and Alexa Fluor 555
reactive dye decapack. Labeled RNA was again purified and
quantified using a Nanodrop Spectrophotometer ND-100
UV/Vis (Nanodrop Technologies) and RNA quality checked
using the Agilent 2100 Bioanalyzer (Agilent Technologies).

Before the hybridization, RNA (1.65 pg) was fragmented
using the Gene Expression Hybridization Kit (Agilent Tech-
nologies) by incubation with 25x Fragmentation Buffer and
10x Blocking Agent for 30 min at 60°C. Fragmented amplified
RNA was hybridized to Agilent 4x44 K whole genome human
chip (Agilent Technologies). This multi-pack (4x44 K) format-
ted microarray represents a compiled view of the human
genome as it is understood today. The sequence information
used to design this microarray was derived from a broad survey
of well-known sources such as RefSeq, Goldenpath, Ensembl,
Unigene and others. The resulting view of the human genome
includes probes for 41,000 unique genes and transcripts that
have been verified and optimized by alignment to the human
genome assembly and by Agilent’s Empirical Validation
process. Targets were hybridized in Hybridization Buffer of
Gene Expression Hybridization kit using gasket slides (Hy-
bridization Gasket Slide Kit—four microarrays per slide
format, Agilent Technologies, CA), Agilent microarray hy-
bridization chambers (G2534A) (Agilent Technologies) and a
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Fig. 2. Toxicity assays on macrophages by exposure at 1, 2.5 and 5 uM performed using PI in a flow cytometer (A) and LDH (B). Data were
collected in duplicate.
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DNA Microarray Hybridization Oven (Agilent Technologies)
for 17 h at 65°C and 10 rpm. After this time, two washes of
1 min each, the first with Wash Solution 1 and the second with
Wash Solution 2 (Agilent Technologies) were performed. The
slides were centrifugated at 1,000 rpm for 2 min, before the
scanning process. A total of six microarrays were used, three
were hybridized for the Control vs Dendrimers comparison
and three for the Control vs Dendriplex comparison, each
corresponding to a different donor.

Slides were scanned at 5 pm resolution on a GenePix
4000B scanner (Axon Instruments, Inc., Foster City, CA)
with independent excitation of the fluorophores Cy3 and CyS5.
The resulting TIFF images were analyzed using GenePix Pro
4.0 software (Axon Instruments, Inc., Foster City, CA). Spots
or areas of the array with obvious defects were manually
flagged. The signal and background fluorescence intensities
were calculated for each spot, and a GPR file was obtained
for each hybridization. The files from the different experi-
ments (four points/slide) were loaded into the MIAME
compliant Almazen database software (http://almazen.bio
alma.com). Background was subtracted and each experiment
normalized by total intensity and sub-grid lowess. A gene was
considered to be induced or repressed when the fold change
was > 2 or <—2 and with a p-value of <0.05. As an additional
filter, only genes with z scores of >1.8 or <—1.8, and average
signal of >32 (to discard spots close to background) were
selected for further statistical analyses.

Data Analysis

Potential signalling pathways were analyzed by using
Ingenuity Pathways Analysis (IPA) (http://www.Ingenuity.
com). This web-delivered application reveals relevant net-
works by comparing gene expression data with known
signalling pathways. The filtered gene expression data set of
cells treated with dendrimer or cells treated with dendriplex
were uploaded as tab-delimited text files into the IPA for
generating biological networks. Each gene identifier was
mapped to its corresponding gene object in the Ingenuity
Pathways Knowledge Base. This software then assigned a
score for all networks that were ranked on the probability
that a collection of genes equal to or greater than the number
in a network could be achieved by chance alone (a score of 2
represents a 99% confidence level, and 3 a 99.9%). Biological
functions are then calculated and assigned to each network.

Quantitative Real-Time RT-PCR

cDNA was generated from 200 ng of total RNA using
the High Capacity cDNA Archive Kit (Applied Biosystems)
in a 10 pL final reaction volume following manufacture’s
instructions. Real-time PCR was performed using 3 pL/well
of two serial dilutions performed in triplicate for 1/50 dilution
and duplicate for 1/5,000 dilution of each ¢cDNA, 0.03 pM
18S, TL17F, TL23R or IL23A (18S forward, 5'-GCA ATT
ATT CCC CAT GAA CG-3’; 18S reverse, 5-GGG ACT
TAA TCA ACG CAA GC-3’; IL17F forward, 5'-GGC ATC
ATC AAT GAA AAC CA-3’; IL17F reverse, 5'-TGG GGT
CCC AAG TGA CAG-3'; IL23R, forward, 5’-CCA TCT
CTA CAG GGC ACC TTA C-3’; 1L23R reverse, 5'-CGA
TCA TTC CCA ATA AAA GTC C-3’; IL23A forward, 5'-

Gras et al.

TGT TCC CCA TAT CCA GTG-3’; IL23A reverse 5'-TCC
TTT GCA AGC AGA ACT GA- 3’), 1x SYBR Green PCR
Master Mix in 8 pL in MicroAmpTM Optical 384-well
reaction plate (Applied Biosystems, Foster City). PCR
reactions were run on an Applied Biosystems ABI PRISM
7900 HT and SDS v2.2 software was used to analyze the
results with the Comparative Ct Method (AACt).

RESULTS
PI and LDH Toxicity

Toxicity measurements by PI (Fig. 2A) and LDH
(Fig. 1B) assays were performed with purified macrophages
exposed to 1, 2.5 and 5 pM concentration of either 2G-NN16
dendrimer or 2G-NN16 complexed with a random siRNA
(20:1 molecules ratio). Both assays identified a slight, but
dose-dependent, toxicity. The dendriplex at 5 uM produced
cell mortality of 12%, as determined by the PI assay. Analysis
of these same conditions using the LDH assay indicated cell
mortality of less than 10%, which is limit to be considered
toxic. These results confirm our experiments using other cell
types (data not presented) showing that 5 pM is the
concentration limit above which significant mortality is
observed.

Dendrimer vs Dendriplex Microarrays

Microarray analysis of gene expression profiles in the
human transcriptome reveals that 4,785 genes were over-
expressed or under-expressed (more than two times) in
macrophages exposed to 2G-NN16 alone at 5 uM. When we
analyze the number of genes 2-fold under- or over-expressed
in macrophages exposed to the same concentration of 2G-
NN16 dendrimer complexed with a random siRNA (dendri-
plex), we can see that 11,138 genes are affected. However, the
number of replicates performed for each condition, three
from different donors, let us filter these genes using criteria
standard for microarray data: p value (<0.05), average signal
(>32) and Z-score (>1.8) (13). After applying this filter, 65
genes have been selected as being differentially expressed in
macrophages exposed to the dendrimer alone, against 271
genes when exposed to the dendriplex. In order to determine
if these differences are specific to the dendrimer exposure or
to the dendriplex exposure, scatter plots were generated
comparing the LogRatio values in both conditions for the
selected genes (Fig. 3). A logistic regression (R?) for each list
of genes was performed showing a strong correlation of data
in dendrimer’s selected genes (R*=0.975) and in dendriplex
(R?=0.964). This concordance is even higher than that when
all genes (R*=0.86) are used. The tendency of regulation is
similar for all genes selected, except for HISTIH4B, which
was 4.4-fold over-expressed in dendriplex-exposed
macrophages, but was not affected by dendrimer exposure.
This indicates that genes affected by dendriplex exposure are
also affected by dendrimer, but many of them have not been
selected because one or more of the filtering criteria were not
passed. A similar result is obtained when we analyze fold
change values of genes selected by dendrimer exposure with
the corresponding fold change values by dendriplex exposure.
It is likely that a larger number of replicates would minimize
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Fig. 3. a LogRatio Scatter Plot of macrophages exposed to 5 uM 2G-NN16 versus Dendriplex. Spots were filtered by Average intensity higher
than 32 units in both conditions. Correlation factor (R?) was 0,86, indicating a high level of correlation. b Scatter plot (dendrimer vs dendriplex)
with significant selected genes differentially expressed in response to dendrimer exposure. ¢ Scatter plot (dendrimer vs dendriplex) of
significant genes differentially expressed in response to dendriplex exposure. In b and ¢ a very high correlation is observed.

this variation. Analyzing these results, we obtain a unique
list with the most significant differentially expressed genes
in dendrimer and/or dendriplex exposed macrophages,
which includes 331 different genes (Supplemental data;
for a selection of the 50 most relevant regulated genes see
Table I). Among these differentially expressed transcripts,
we find genes involved in immune response, cancer,
transcription regulation and viral function. The most
statistically significant gene was Interleukin 17F (IL17F)
(6.4-fold repressed and 7.1-fold repressed by dendrimer
and dendriplex exposure, respectively, with a p value of
0.008 in both cases).

The list of genes was analyzed for most likely altered
functions, interactions and pathways using IPA. This software
identifies relationships between genes in the list by establish-
ing networks based on interactions described in the literature.
Functional annotations are provided for each gene in the list,
as well as putative functions significantly altered by the
treatment, based on the identity of the networks identified.
Results obtained with respect to the functions with the
highest probability to be represented in the gene list are

summarized in Table II. The principal functions were cellular
movement of blood cells and haematological system devel-
opment and function (AOC3, CCR1, CCR2, CXCL1, IL1B)
(p-Value from 9.05x107°® to 6.98x107°), immune response,
cell-to-cell signalling and interaction in recruitment of
phagocytes (CCR1, CCR2, CR2, CXCL1, CXCL2, ILS,
IL1B, MDK) (p value from 1.37x107° to 1.1x107°),
connective tissue disorders and inflammatory diseases
(arthritis) (ALDOA, CI180ORF10, CCND3, CCR1, CCR2,
CD74, CR2, CXCL1, CXCL2, H3F3B, ILS, IL1B, MDK,
MLLT6, NFKBIA, PRDX2, PTMA, SLC1A2, SYVNI,
TIA1) (p value 8.76x107°).

A graphic of the most significant network identified is
shown (Fig. 4). Principal functions over-represented in this
network are cancer, immune response and transcription
regulation.

Quantitative Real Time RT-PCR

In order to validate the microarray results, quantitative
real-time RT-PCR (qRT-PCR) was performed in quintupli-
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Table 1. List of the 50 Most Regulated Genes in Macrophages by 2G-NN16 and Dendriplex Exposition
List of genes selected by differential expression in macrophages by NN16 or dendriplex effect
Symbol Fold Change DM p value DM Fold Change DX p value DX
IL17F —0.45 0.0090 -7.11 0.0080
A_24 P247493 -4.23 0.1143 -5.14 0.0448
GALM -4.14 0.1532 -8.12 0.0354
FADD -3.84 0.1328 -6.75 0.0362
COPA -3.80 0.0385 —4.28 0.0906
A_24 P118721 -3.55 0.0042 -2.50 0.1237
A_24_P75408 -3.55 0.1358 —6.91 0.0331
CCR1 -3.54 0.2851 —4.85 0.0475
ZMYM6 —3.42 0.1007 —5.42 0.0470
LOC642443 -3.37 0.1775 -6.55 0.0472
LOC732268 -3.33 0.0777 -4.79 0.0402
ENSA -3.32 0.1381 —6.74 0.0189
X58329 -3.28 0.0137 -3.42 0.0144
A_24 P203984 -3.15 0.2048 —6.82 0.0485
A_24_P600622 -3.12 0.0344 -3.14 0.0558
LOC648992 -3.05 0.1656 —-5.96 0.0352
ADHS5 -3.04 0.2215 —6.56 0.0497
PRDX2 -3.03 0.1272 -4.97 0.0373
GRAP2 -3.01 0.0809 —4.46 0.0277
GSTK1 —2.98 0.1081 —4.64 0.0452
INTS4 -2.97 0.0339 -3.26 0.0546
XRCC4 —2.95 0.0908 -4.19 0.0459
CIP29 -2.95 0.0871 -4.14 0.0461
S80931 —2.94 0.1354 —4.68 0.0492
A_24 P118422 -2.93 0.0945 —4.24 0.0317
DUB3 3.53 0.1895 8.12 0.0309
BC041913 3.54 0.0747 4.74 0.0170
AK000420 3.54 0.0392 5.04 0.0053
PIM1 3.54 0.0296 4.09 0.0093
AKO057167 3.57 0.0881 7.24 0.0017
PTMA 3.57 0.1496 5.66 0.0359
DOCK4 3.58 0.1241 6.85 0.0119
A_24_P551530 3.61 0.0760 5.74 0.0261
ANKHD1 3.69 0.1424 6.54 0.0405
ADCY7 3.72 0.1251 6.06 0.0445
AMPD3 3.73 0.1962 7.56 0.0315
ARRDC3 3.74 0.1651 5.43 0.0284
A_23_P136013 3.77 0.0636 5.40 0.0109
AK025704 3.78 0.1574 6.51 0.0316
A_32_P221641 3.82 0.0740 5.88 0.0248
ATP2A2 3.87 0.1676 6.87 0.0408
THC2476126 3.98 0.0360 4.06 0.0230
FAM40B 412 0.2207 12.30 0.0031
THC2545558 431 0.0268 5.68 0.0089
IL8 4.47 0.1281 6.80 0.0177
ARID4B 4.49 0.0938 6.91 0.0376
USP54 4.69 0.0837 6.39 0.0252
PCGF3 4.86 0.0476 7.18 0.0149
PCGF3 4.86 0.0476 7.18 0.0149
RSNL2 491 0.1047 7.69 0.0369

A full list can be viewed as supplemental table.

cate on a new sample for IL17F, the most significant
regulated gene, using ribosomal 18s as a control for
normalization. IL17F mRNA was clearly down-regulated in
macrophages exposed to 2G-NN16 dendrimer (6.25-fold) as
well as in macrophages exposed to dendriplex (23.25-fold)
(Fig. 5). The degree of IL17F repression observed by qRT-
PCR was greater than that measured using microarrays. This
is often seen as qRT-PCR is a much more sensitive

technique (14). Given this strong repression, we investigated
the expression behaviour of IL23R and its ligand IL23,
which are inducers of IL17F expression. IL23R was 3.65-fold
repressed in macrophages exposed to 2G-NN16 and 2.19-
fold repressed in macrophages exposed to dendriplex in
microarray experiments. However, this gene did not pass the
selection filter because, in the first case, the signal intensity
was very low and, in the second, the p-value was greater
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Table II. Results of Analysis using the Ingenuity Pathway Analysis Software Showing the Functions with the Highest Probability to be Affected in Macrophages by Dendrimer/Dendriplex Exposure

Molecules

Significance

Process annotation

Category

9.05E-06
6.98E—06

Extravasation of blood cells

Cellular movement

AOC3, CCR1, CCR2, CXCL1, IL1B

AOC3, CCR1, CCR2, CXCL1, IL1B

Extravasation of leukocytes

Hematological system development

and function
Cell-to-cell signaling and interaction

Immune response

CCR1, CCR2, CR2, CXCL1, CXCL2, IL8, IL1B, MDK

1.37E-05
1.13E-05
8.76E-05

Recruitment of phagocytes

CCR1, CCR2, CR2, CXCL1, CXCL2, IL8, IL1B, MDK

Recruitment of granulocytes

Arthritis

ALDOA, C180RF10, CCND3, CCR1, CCR2, CD74, CR2, CXCL1, CXCL2,

Inflammatory disease

H3F3B, IL8, IL1B, MDK, MLLT6, NFKBIA, PRDX2, PTMA, SLC1A2, SYVNI, TIA1

ALDOA, C180RF10, CCND3, CCR1, CCR2, CD74, CR2, CXCL1, CXCL2,

8.76E-05

Arthritis

Connective tissue disorders

H3F3B, IL8, IL1B, MDK, MLLT6, NFKBIA, PRDX2, PTMA, SLC1A2, SYVNI, TIA1

Selected genes were included in Ingenuity to have this result. In the table, parameters such as Category, Process Annotation, Significance and Molecules are presented.
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than 0.05. Given this result, we analyzed IL23R expres-
sion macrophages exposed to 2G-NN16 or dendriplex by
gRT-PCR. IL23R, like IL17F, was down-regulated in
both conditions (2.2-fold by 2G-NN16 exposure and 5.5-
fold by dendriplex exposure (Fig. 5). In addition, we
studied the expression of the pl9 subunit of 1123, a
protein subunit which is specific to the IL23 molecule.
IL23 is a heterodimeric cytokine composed of the unique
p19 subunit and a common p40 subunit which is also part
of the Interleukin-12 molecule (15). Results confirmed a
repression of 1.47-fold for dendrimer and 3.48-fold for
dendriplex exposure.

DISCUSSION

The use of dendrimers in biomedicine as vehicles for
drug delivery is rapidly increasing in the last years with
much investigation currently in progress (16-18). Our
group is working with carbosilane dendrimers that are
truly spherical macromolecules constituted by an inert and
lipophilic skeleton. They have several properties that
make them attractive as drug target delivery systems.
For example, the highly lipophilic structure may help to
increase the biopermeability of these carbosilane systems
compared to other dendrimers with different structures.
One of these dendrimers in which we are interested—2G-
NN16—is a molecule capable of binding to antisense
oligonucleotides (ODNSs), siRNAs, plasmids and peptides
by a union that is degraded over a period of 24 h, resulting
in a gradual release of the transported molecule. More-
over, the nucleic acid, when bound to the dendrimer, is
protected from BSA binding, which allows higher effec-
tive concentrations of siRNA or ODNs to be maintained
in the blood-stream (6).

Toxicological studies performed usually measure the
percentage of death and little is known about other effects
of dendrimers. Administration of N-acetyl-glucosamine-
coated (GIcNAc8) PAMAM generation 1 glycoden-
drimers to mice bearing subcutaneous B16F10-induced
melanoma decreased tumor growth and increased survival
(19). Also, cytokines, including IL-1B, INF-y, TNF-a and
IL2, showed increased production levels. The PAMAM
generation 3.5-glucosamine dendrimers also showed im-
munomodulatory properties in human dendritic cells and
macrophages, inducing synthesis of the pro-inflammatory
cytokines MIP1-a, MIP-18, and IL-8, as well as the
cytokines TNF-a, IL-18 and IL-6 (20). Recently, it has
been demonstrated by microarray analysis that treatment
of the US87 established cell line with the 2G-NN16
dendrimer has no effect on gene expression (manuscript
in preparation). As macrophage is one the first barriers of
the immune system, we wanted to evaluate the effects of
2G-NN16 on primary cultures of human macrophages. No
significant cell death was observed by either PI or LDH
cytotoxicity assays in the presence of 5 uM of 2G-NN16
compared to the control. However, given that changes in
gene expression profiles have been described for others
dendrimers (21), microarray analyses were performed.
The number of genes over-expressed or under-expressed
2-fold or greater was similar to the results obtained by
Hollins et al. (11), given that we screened 44,000 instead of
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TRANSCRIPTION
REGULATION

Fig. 4. Graphical representation of Network 1 introducing the list of selected genes in Ingenuity Pathways
Analysis. Three principal functions are observed: immune system, cancer and transcriptional regulation.

22,000 transcripts. However, the application of more restric-
tive statistical criteria allows us to focus on 330 genes.
Analysis of pathways in which these differentially expressed
genes are know to function showed that immune response,
cancer, transcription regulation and viral function are the
most significantly affected. This is in accord with the small
number of articles written about the effect of dendrimers on

qRT-PCR
120
= 100 100 100
£ 100-
8
w 80
>
5§ 60
2
o 40
o
& 20
g
IL17F IL23R IL23A
Genes
M Control M Dendrimer Dendriplex

Fig. 5. Quantitative real-time RT-PCR of IL17F, IL23R and IL23A
in macrophages exposed to 5 uM of dendrimer or dendriplex for 5 h.
Un-treated macrophages were used as the control and are repre-
sented as 100% of the signal. A strong down-regulation is observed
for all genes in response to dendrimer and dendriplex treatment.

other cell types (11,22). The number of selected regulated
genes is greater after treatment with dendriplex than with
dendrimer alone. Furthermore, most of the genes dendriplex
increase the effect of 2G-NN16 alone. It has been described
that in human A431 cells the complex of Polyfect (a
PAMAM-based dendrimer) with a control siRNA increases
the total number of gene expression changes (both up and
down-regulated) (11).

One of the most interesting effects on macrophages by
NNI16 treatment is the strong down-regulation of Interleukin-
17F (IL17F). Analysis using qRT-PCR demonstrates that
ILF17 and the related IL23R and IL23A are severely
repressed in macrophages in presence of 2G-NN16. IL17F
belongs to the IL17 family and is only secreted by activated
CD4 T cells and activated macrophages (23). Among the ILL.17
family, IL17F is most closely related to IL17 (24). The
biological activities of IL17F are similar to those of IL17
and it regulates the production of IL-6, IL-8, G-CSF, and
controls cartilage matrix turnover by increasing matrix
release and inhibiting new matrix synthesis (24,25). IL17F
also inhibits angiogenesis and induces production of IL2,
TGF-B and monocyte chemoattracting protein (MCP)-1 in
endothelial cells (23). IL17 and IL17F form biologically active
heterodimers with intermediate potency in inducing inflam-
matory genes (26,27). IL17, IL17F and its regulator 1123
appear to be important in host defense against extracellular
bacteria and fungi (28-30). Additionally, a number of
autoimmune diseases, such as psoriasis and inflammatory
bowel disease, are associated with over-production of these
cytokines and interference with IL17 production or action
attenuates autoimmune disease (31-36). Polymorphisms in
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the TL23R gene confer protection against psoriasis (37) and
are associated with inflammatory bowel disease (38). Over-
expression of IL-17A or IL-17F in the lung results in
induction of CXC chemokines and neutrophil recruitment.
In a case-control study of 1,125 unrelated Japanese subjects, a
change in the third exon of the IL17F gene that causes a
change of Hisl61 to Argl6l (H161R) was shown to be
associated with asthma and chronic obstructive pulmonary
disease (COPD). Functionally, this variant failed to induce
cytokines and chemokines and, interestingly, was able to
antagonize the activity of wild-type IL-17F.

It is remarkable that many genes associated with the
IL17 and IL23 pathway have been selected as differentially
expressed genes in macrophages exposed to 2G-NN16, such
as, CXCL1, CXCL2, IL-8, IL-18, Histone H3 and NF-«B.
These results, together with those obtained by qRT-PCR
showing a clear repression of IL17, IL23R and also IL23A,
suggest that 2G-NN16 is down-regulating the IL.23 pathway in
macrophages. It remains to be seen if 2G-NN16 is also able to
repress this pathway in CD4+ cells.

CONCLUSIONS

Analysis of global gene expression profiles in human
primary macrophages in culture with 2G-NN16 dendrimer
shows multiple changes, principally affecting immune system,
proliferation and transcription regulation pathways. Our
results illustrate the importance of performing this type of
genomic analysis for all the non-viral delivery systems in
order to know the effect exerted on the cell studied in each
particular case. Dendrimer effects can overlap with the
transported molecule effect. IL17F, the receptor for its
regulator IL23R and the p19 subunit of the ligand IL.23 are
dramatically down-regulated in human macrophages by
treatment with 2G-NN16 dendrimer or dendriplex. The
repression of IL17F, IL23R and IL23A in macrophages by
2G-NN16 dendrimer makes this dendrimer a good candidate
for the study for the treatment of autoimmune diseases.
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