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Plasmid CpG Depletion Improves Degree and Duration of Tumor Gene
Expression After Intravenous Administration of Polyplexes
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Purpose. Tumor gene expression after the intravenous (i.v.) administration of current polymer-based
gene delivery systems is generally low and short-lived. Immune stimulatory CpG dinucleotides, present
within the plasmid DNA of the polyplexes are likely to contribute to this. The effect of CpG replacement
on the levels of transgene expression was studied, after the i.v. administration of polyethylenimine (PEI)
polyplexes.
Methods. Tumor transfection and immune stimulation of PEI polyplexes containing plasmid DNA
encoding for luciferase and rich in CpG motifs was monitored and compared to polyplexes containing the
same gene but devoid of CpG motifs. Lipoplexes based on 1,2-dioleyl-3-trimethylammonium-propane/
dioleoylphosphatidylethanolamine liposomes were included as a control.
Results. The replacement of CpGrich DNA by CpGfree DNA did neither affect the physical properties
of the DNA complexes nor did it affect their in vitro transfection activity or cytotoxicity. The immune
stimulation (interleukin-12) after i.v. administration of the PEI DNA complexes was low and unaffected
by the presence of CpG motifs. The absence of CpG motifs within the different DNA complexes
improved the degree and the duration of organ and tumor gene expression.
Conclusion. The depletion of CpG dinucleotides within the plasmid DNA of polyplexes enhances the
degree and duration of in vivo transgene expression.

KEY WORDS: CpG dinucleotides; gene delivery; gene expression; immune stimulation; intravenous;
lipoplexes; plasmid DNA; polyplexes; tumor.

INTRODUCTION

The emerging field of gene therapy offers a number of
exciting potential strategies for treating cancer (1). Cancer
gene therapy aims to achieve the sustained expression of a
variety of anti-tumor proteins (like e.g. tumor-suppressor
proteins, antigens, cytokines and suicide proteins) (2,3).
Systemic application is often to be preferred as it enables to
reach tumor sites which cannot be reached by local injection
(3). The tumor transfection activity of systemically adminis-
tered plasmid DNA can be greatly increased upon complex-
ation with non-viral carrier systems. Complexation of plasmid
DNA with cationic polymers or cationic liposomes leads to
the formation of positively charged nano-sized complexes
(further referred to as polyplexes and lipoplexes, respective-
ly) protecting the complexed DNA against nuclease activity.
In addition, the positively charged DNA polyplexes are
readily taken up by target cells and have demonstrated to
enhance transfection activity of the complexes compared to

uncomplexed DNA (4). Nevertheless, intravenous (i.v.)
administration of non-viral gene delivery systems generally
results in low and transient tumor transgene expression levels
(5–7).

Bacterial CpG dinucleotides have been identified to be
major contributors to the low and short-lived transgene
expression in vertebrates after non-viral gene delivery (8).
CpG dinucleotides are immunostimulatory motifs which are
present within bacterially produced plasmid DNA. Whereas
CpG dinucleotides in bacterial DNA are unmethylated, in
vertebrate DNA they are methylated and occur less frequent
(9). After i.v. administration of the DNA complexes, they are
captured and endocytosed by macrophages and other im-
mune cells. CpG motifs within the plasmid DNA are
recognized as a pathogen-associated molecular pattern upon
acidification of the endosome, by the toll-like receptor 9
(TLR-9) which is present at the endosomal membrane (10).
TLR9-mediated intracellular signaling leads to a pleiotropic
inflammatory response that includes the production of large
amounts of pro-inflammatory cytokines, among which tumor
necrosis factor-alpha, type I interferons, and interleukin 12
(IL-12), and the activation of a variety of immune cells of the
innate and adaptive immune system (e.g. natural killer-cells,
T-cells, macrophages) (9). The increased production of pro-
inflammatory cytokines increases the risk for systemic
toxicity.
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Bacterial CpG motifs impair transgene expression after
non-viral gene delivery via different mechanisms. The induced
pro-inflammatory cytokines exert a direct inhibitory effect on
transgene transcription by initiating plasmid promoter shut-
down (11). Moreover, high local levels of pro-inflammatory
cytokines can initiate apoptosis of transfected cells. In addition,
activation of immune cells has been reported to eliminate
transfected cells and transgene products (12–14). Finally,
transgene expression of episomal plasmids can be limited by
de novo methylation of the unmethylated bacterial CpG
motifs. Cytosine methylation is a naturally-occurring DNA
modification in vertebrates which interferes with transgene
transcription, resulting in transcriptional silencing (15–17).

Though the immunostimulatory effect of DNA com-
plexes containing unmethylated CpG motifs is being
exploited in cancer immunotherapy (18–20), it should be
minimized in gene therapy strategies where high and long-
lasting transgene levels are desired (12,21). Several strategies
have been studied to limit the immunostimulatory response to
i.v. administrated DNA complexes (22) (1) directing the DNA
complexes to the target cells (23,24), (2) co-administering
macrophage depleting agents, immunosuppressant agents, or
inhibitors of endosomal acidification (25–27), and (3) modi-
fying the plasmid DNA by the in vitro methylation of
unmethylated CpG motifs, by the removal of these motifs,
or by the addition of so-called neutralizing motifs (25,26,28–
30). Whereas all three strategies have shown to result in a
reduced inflammatory toxicity of cationic lipoplexes, CpG
removal appears to outweigh all other strategies when the
effects on transgene expression are considered. Yew et al. (26,
29) showed that a reduction of the number of unmethylated
CpG motifs within i.v. administered lipoplexes not only
improved the degree but also the duration of transgene
expression in liver and lung up to 49 days post-injection (p.i.).
Similar studies have demonstrated the effects of CpG motif
depletion in naked DNA formulations on transgene expres-
sion (31,32). Recently, Park et al. (33) demonstrated the
advantage of CpG motif reduction in polymer-based formu-
lations, using minicircle plasmid DNA. The immunogenicity
of minicircle plasmids is strongly reduced by the selective
excision of non-functional or immunostimulatory plasmid
elements. Nevertheless, in these plasmids there is still a
number of CpG motifs present. To our knowledge, no study
addressed the potential benefits of complete CpG depletion
in polymer-based formulations. The aim of the present study
was to evaluate the effect of CpG depletion on the levels of
transgene expression, after i.v. administration of PEI22
polyplexes. PEI22 (Mw 22 kDa) is a linear cationic polymer
and is considered as the gold standard within the field of non-
viral i.v. gene delivery (34). As a control, we included
lipoplexes based on cationic liposomes composed of 1,2-
dioleyl-3-trimethylammonium-propane/dioleoylphoshatidyl-
ethanolamine (DOTAP/DOPE), a lipoplex formulation
which is frequently used in i.v. gene delivery (35,36).

MATERIALS AND METHODS

Materials

The plasmid pCpGvitro neomycin–luciferase (neo–luc),
further referred to as pCpGfree, is a 7,114-bp plasmid devoid

of CpG dinucleotides, and was purchased from Cayla SAS
(Toulouse, France). The plasmid contains the coding se-
quence for firefly luciferase and is under transcriptional
control of a composite promoter consisting of a mouse
cytomegalovirus (mCMV) enhancer and the eukaryotic
elongation factor-1 alpha (EF-1α) core promoter. EF-1α is
an enzyme catalyzing the guanosine triphosphate-dependent
binding of tRNA to ribosomes and is abundantly expressed in
almost all kinds of mammalian cells (6). The plasmid has been
synthesized by replacing all CpG dinucleotide containing
codons for codons devoid of CpG dinucleotides,
corresponding to the same amino acid. By these means, a
new codon-optimized gene was created encoding for proteins
whose amino acid sequence remains identical to the wild-type
counterparts. Porcine cytomegalovirus (pCMV)-Luc, a plas-
mid containing the coding sequence for firefly luciferase, was
purchased from Elim Biopharmaceuticals (St. Hayward, US).
The 6,201-bp plasmid is under transcriptional control of the
cytomegalovirus (CMV) immediate promoter and contains
638 CpG motifs. The QuickChange Site-Directed Mutagene-
sis kit and Pfu polymerase were purchased at Stratagene (La
Jolla, US), primers for the site-directed mutagenesis were
ordered at Eurogentec (Seraing, Belgium). The restriction
enzymes PstI, SacI, NcoI, and T4 DNA ligase were purchased
from Fermentas (St. leon-Rot, Germany). PacI was ordered
at Westburg B.V. (Leusden, The Netherlands). The Nucleo-
bond PC 10,000 EF DNA purification (Macherey-Nagel) was
purchased from Bioke (Leiden, The Netherlands). The lipids
DOTAP and DOPE were ordered at Avanti Polar lipids
(Alabaster, USA) and Lipoid (Ludwigshafen, Germany),
respectively. Linear polyethylenimine (PEI22, Mw 22 kDa)
was a generous gift from Prof. Dr. E. Wagner (Ludwig-
Maximilians-Universität, München, Germany). Luciferase
assay reagent, reporter gene lysis buffer, and Quantilum
recombinant luciferase were obtained from Promega (Leiden,
The Netherlands). The Quantikine mouse IL-12 p70 immu-
noassay was purchased from R&D systems (Abingdon Park,
UK).

Methods

Plasmid Construction and Purification

A CpGrich control plasmid, bearing 542 CpG dinucleo-
tides (further referred to as pCpGrich) was constructed by
replacing the promoter/5′-untranslated region (UTR) of the
purchased vector pCMV-Luc with the composite enhancer/
core-promoter and 5′UTR region of pCpGfree. To enable
excision of the original promoter/5′-UTR region, a PstI
restriction site was introduced into pCMV-Luc, by replacing
the TT dinucleotide to CA, at position −8 relative to the
transcription start. A site-directed mutagenesis was per-
formed using the QuickChange Site-Directed Mutagenesis
Kit and two 40 bp primers(5′-CATTAGCATTCCGG
TACTGCAGGTAAAATGGAAGACGCCA-3′ and 5′-
TGGCGTCTTCCATTTTACCTGCAGTACCGGAATGC
TAATG-3′, bold letters refer to added PstI site). The original
promoter/5′-UTR region of the modified pCMV-Luc was
excised by digestion with SacI and PstI (−750 to −6 relative to
the transcription start). The linearized vector, devoid of
promoter, was isolated by preparative gel electrophoresis,
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then blunted and dephosphorylated to prevent self-ligation.
The insert, consisting of the enhancer/promoter/5′-UTR
region of pCpGfree (position −1,258 to −1, relative to the
transcription start) was excised by digestion of pCpGfree with
PacI and NcoI. The insert was isolated by preparative gel
electrophoresis, blunted with Pfu polymerase and a deoxy-
nucleotide triphosphate mix, and ligated into the blunted
vector, resulting from the excised pCMV-Luc to create
pCpGrich, at a 1:3 vector to insert ratio, using T4 DNA
ligase. E. coli XL-1 Blue supercompetent cells (Stratagene)
were transformed with the resulting plasmid and screened for
the proper insert direction by restriction enzyme digestion.

pCpGfree and pCpGrich were grown in E. coli and
purified to an endotoxin free grade (<0.1 EU/μg DNA), using
a Nucleobond PC 10,000 EF kit.

Preparation of the DNA Complexes

DOTAP/DOPE liposomes were prepared by dissolving
an equimolar amount of DOTAP and DOPE in chloroform
and methanol. The solution was evaporated under reduced
pressure and the lipid film was subsequently hydrated in 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes)
10mM, pH 7.4 (total lipid concentration 20mM). The resulting
liposome dispersion was extruded several times through two
stacked polycarbonate filters (Poretics, Livermore, USA, 200
and 100 nm pore size) with a high-pressure extrusion device
until the desired diameter was obtained (100–120 nm).

DNA complexes were made at different molar ratios of
cationic and anionic charge (N/P ratio), corresponding to the
ratios of nitrogen of the polymer or lipid and the anionic
DNA phosphates. A mass per charge of 43, 698 and 330 Da
was used for PEI22, DOTAP and DNA, respectively. DNA
complexes for in vitro use were prepared at a final DNA
concentration of 10 μg/ml in Hepes (20 mM Hepes, pH 7.4)
or in Hepes-buffered saline (20 mM Hepes, 0.9% g/v NaCl,
pH 7.4). Lipoplexes were prepared by adding one volume of
a DNA solution to one volume of a liposome dispersion,
followed by mixing. Polyplexes were prepared by adding four
volumes of the polymer solution to one volume of DNA
solution and subsequent mixing. DNA complexes for in vivo
studies were prepared at a final DNA concentration of
150 μg/ml in 20 mM Hepes, pH 7.1. Lipoplexes were
prepared at an N/P ratio of 4, as aforementioned. Polyplexes
were prepared at an N/P ratio of 6, by adding one volume of a
polymer solution to one volume of a DNA solution and
subsequent mixing. After preparation, one tenth a volume of
a 50% g/v D-glucose in 20 mM Hepes, pH 7.1 stock was
added to obtain an isotonic dispersion (37). All complexes
were incubated for 30 min at room temperature, prior to use.

Complex Characterization

The average hydrodynamic diameter and the zeta
potential of the DNA complexes was determined using
dynamic light scattering (ALV CGS-3 system, Malvern
Instruments, UK) and electrophoretic mobility (Zetasizer
Nano-Z, Malvern instruments) measurements, in 20 mM
Hepes pH 7.4, at a DNA concentration of 10 μg/ml. Both
instruments were calibrated using polystyrene latex beads of
defined size and zeta-potential.

Complex cytotoxicity and in vitro transfection activity

Neuro 2A cells (Murine Neuroblastoma, ATCC CCL-
131) were cultured in RPMI 1640 medium completed with
bovine calf serum (10%) and antibiotics/antimycotics (100 U/
ml penicillin, 100 μg/ml streptomycin, 0.25 μg/ml amphoter-
icin B) at 37°C at a 5% CO2 humidified atmosphere.

Transfection activity and cytotoxicity of the complexes
was determined 24 and 72 h after incubation of the complexes
with the cells (1 h), in serum containing medium, as described
earlier (38). Experiments were carried out twice in triplicate
in two separate 96-well plates. One series was tested for
luciferase expression (38), the other series was tested for cell
viability using an XTT based colorimetric assay (38,39).
Luciferase activity of the cells was determined after cell lysis
using a Fluostar Optima Fluorimeter equipped with a
luminescence light guide (BMG LabTech, Germany). Trans-
fection activity of the complexes was expressed as relative
light units (RLU), corrected per microgram total protein
(Micro BCA Protein Assay, Pierce, The Netherlands).
Cytotoxicity of the complexes was determined by assessing
the percentage of viable cells after transfection, normalized to
values obtained after incubation with buffer only (38).

In Vivo Studies

The animal experiments were performed according to
national regulations and approved by the local animal
experiments ethical committee. Six-week old male A/J mice
(Harlan, The Netherlands) were inoculated with 1×106 Neuro
2A cells in the left flank. Seven to 12 days after inoculation, at
an average tumor volume of 0.4–0.9 cm3, the different
formulations were injected into the tail vein of the mice
(0.2 ml, corresponding with 30 μg DNA).

At 3, 5 and 7 h post-injection, blood was collected by
saphenous venepuncture. Blood samples were allowed to
coagulate at 4°C for 4 h and then centrifuged at 4,000×g for
10 min. Serum was collected, diluted with phosphate-buffered
saline and kept at −80°C until analysis. IL-12 serum levels
were determined using a Quantikine mIL-12 immunoassay.

One, 5 or 11 days post-injection, mice were sacrificed by
cervical dislocation and luciferase levels of the tumor and the
different organs was assessed as previously described (40).
Luciferase levels were expressed as relative light units per
organ (or per gram tumor). In this setting, 6×103 RLU
corresponds to 1 pg of recombinant luciferase.

Statistical Analysis

Statistical analysis was performed using GraphPad InStat
3.06. A p-value of < 0.05 was considered to be significant
(two-tailed). The Grubb’s test for detecting outliers was used
for identifying outliers.

RESULTS AND DISCUSSION

Plasmid DNA Characteristics

pCpGvitro neo-luc (further referred to as pCpGfree) is a
commercially available 7,114-bp plasmid devoid of CpG
dinucleotides. It contains the coding sequence for firefly
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luciferase and is under transcriptional control of a composite
promoter consisting of a mCMV enhancer and the EF-1α
core promoter (Fig. 1).

A control vector, a 6,724 bp plasmid bearing 542 CpG
motifs (further referred to as pCpGrich) was constructed by
replacing the promoter/5′-UTR region of a purchased vector
pCMV-Luc with the composite core-promoter/enhancer and
5′UTR region of pCpGfree.

Characterization of the DNA Complexes

pCpGfree and pCpGrich were complexed with PEI22
(Mw 22 kDa) and the cationic liposome formulation DOTAP/
DOPE. PEI22 has proven to be one of the most efficient
cationic polymers for in vitro and in vivo gene transfer (41).
DOTAP is a cationic lipid, commonly used for liposome-
mediated transfection (36). Co-inclusion of the helper lipid
DOPE improves the lipoplex transfection activity by facili-
tating endosomal membrane destabilization (42).

The physical characteristics of the PEI22- and DOTAP-
complexes prepared with pCpGrich or pCpGfree were
determined. Under the experimental conditions, size and zeta
potential of the complexes was not affected by the type of
plasmid used (Tables I and II, p≥0.08). Positively charged
polyplexes were formed after condensation with PEI22 at a
DNA concentration of 10 μg/ml (zeta potential approximately
+25–+31 mV, Table I). Polyplexes were smallest at an N/P
ratio of 6 and 9. Complexation of DNA with DOTAP
liposomes at an N/P ratio of 2 resulted in lipoplexes bearing
a strong negative zeta potential. Likely, at this lipid to DNA
ratio, the amount of cationic lipid is inefficient to complex all
DNA present. Lipoplexes prepared at an N/P of 4 and

8 demonstrated a strongly positive zeta potential (+48–
+57 mV). The mean size of the lipoplexes was relatively
large (320–610 nm) when compared to that of the polyplexes
(120–170 nm). Complexes were stable over a period of
several days at room temperature.

Complex Cytotoxicity and In Vitro Transfection Activity

The effect of plasmid replacement (pCpGrich to
pCpGfree) on the cytotoxicity (Fig. 2) and in vitro transfec-
tion activity (Fig. 3) of PEI22 and DOTAP complexes was
studied, using Neuro 2A cells. Relative cell viability after
incubation with the different DNA complexes was not
affected by the type of plasmid used. PEI22 complexes
showed considerable cytotoxicity (Fig. 2A). A 50% reduction
in cell viability was observed at an N/P ratio of 6, 24 h after
transfection. Incubation of the cells with the DOTAP com-
plexes did not affect cell viability, at any of the N/P ratios
investigated (Fig. 2B). Similar results were observed at 72 h
after incubation (data not shown).

Replacement of pCpGrich by pCpGfree within both
DNA complexes did not influence their respective in vitro
transfection activities (Fig. 3). Highest levels of luciferase
transgene expression were mediated by PEI22 polyplexes,
prepared at an N/P ratio >6 (Fig. 3A). Transfection activity of
DOTAP lipoplexes was highest at an N/P ratio of 2–4
(Fig. 3B), being tenfold lower than observed for the PEI22
polyplexes. The high ionic strength of the transfection
medium favors the formation of aggregates at these specific
N/P ratios (data not shown). Aggregate formation of the
DNA complexes has likely contributed to the enhanced
transfection activity as it promotes cellular contact and
internalization (43). The similar short-term gene expression
profiles observed for the two different plasmid types was
expected as they bear the same transcription initiation sites.
Apparently, the extensive sequence differences within the
plasmid regions upstream of the EF1α 5′-UTR did not
substantially affect the initial transcription rate of the
plasmids.

In Vivo Inflammatory Response

The immunostimulatory activity of the different CpGfree
and CpGrich formulations were tested by determining serum
IL-12 levels after i.v. injection (30 μg DNA). As a result of
the high inter individual differences in onset and level of
inflammatory response, the IL-12 levels measured were

Table I. Mean Particle Size (nm) and Zeta Potential (mV) of pCpGrich and pCpGfree Complexes at a DNA Concentration of 10 μg/ml

Formulation pCpGrich pCpGfree

N/P ratio Size Zeta potential Size Zeta potential

PEI22 3 590 (±210) 31 (±7.4) 990 (±1,000) 25 (±15)
6 170 (±20) 27 (±0.4) 170 (±10) 27 (±0.5)
9 120 (±0) 25 (±1.2) 130 (±10) 25 (±0.2)

DOTAP 2 320 (±20) −58 (±1.6) 320 (±10) −59 (±0.9)
4 540 (±10) 51 (±0.8) 610 (±90) 48 (±3.3)
8 430 (±10) 55 (±1.4) 460 (±20) 57 (±0.5)

Mean (±SD), n=3. Polydispersity values of the complexes were within acceptable limits (<0.30), indicating rather monodisperse formulations.

0                 1                 2                 3 Size (kbp)  4                 5                 6                 7 
CMVenh.    EF1α                                                 
EF1αprom.   5’-UTR           LUC                       pAn          SV40enh.prom.Neo        Rk6Ori          pCpGfree 

   7.1 kbp 

pCpGrich 
6.7 kbp 

CMVenh.    EF1α                                                 
EF1αprom.   5’-UTR           LUC                        pAn         CMVprom.Amp             ColE1Ori       

Fig. 1. Linearized diagram of pCpGfree and pCpGrich. CMVenh.
EF1�prom .: composite promoter based on cytomegalovirus enhancer
and mouse elongation factor-1 alpha core promoter. EF1� 5′-UTR, 5′
untranslated region of mouse elongation factor-1 alpha; LUC, exon
encoding for firefly luciferase; pAn, polyadenylation signal; Neo,
neomycin resistance; Amp, ampicillin resistance; Ori, origin of
replication. One arrow represents approximately 20 unmethylated
CpG dinucleotides.

1657Plasmid CpG Depletion Improves Degree and Duration of Tumor Gene Expression



highly variable. Complexation of pCpGrich plasmid with
PEI22 induced low serum IL-12 levels (Fig. 4A). Replace-
ment of pCpGrich by pCpGfree did not affect the IL-12
serum levels observed after administration. IL-12 levels after
administration of the CpGrich cationic liposome formulation
were higher than the levels observed for the PEI22 poly-
plexes (Fig. 4B; p<0.05). These findings are in line with
earlier reports (44,45). CpG depletion significantly decreased
the serum IL-12 levels at 3 and 7 h after administration of the
liposome formulation, which is again in line with earlier
reports (8,26,29,44).

After i.v. administration, lipoplexes and polyplexes
accumulate to a high extent in the liver as a result of their
efficient uptake by Kupffer cells (46). Previous reports

suggest that the systemic cytokines produced after i.v.
administered lipoplexes can be attributed to uptake and
intracellular processing of the lipoplexes by Kupffer cells
(24,47). It is unlikely that the observed differences in immune
stimulation by PEI22 and DOTAP complexes originate from
major differences in tissue accumulation, with PEI22 poly-
plexes showing less uptake by Kupffer cells (45). We
speculate that differences in the pathway of cellular uptake
of the DNA complexes by the immune cells may have
contributed to the observed differences in the induced
inflammatory response. Whereas lipoplexes are endocytosed
exclusively via clathrin-dependent pathways, polyplexes are
taken up by clathrin- as well as caveolae-dependent pathways
(48,49). It may be that the caveolae-dependent pathway does

Fig. 2. Relative cell viability of Neuro 2A cells, 24 h after incubation
with PEI22 (A) and DOTAP (B) based DNA complexes. DNA
complexes contained CpGrich (filled square) or CpGfree (filled
triangle) DNA. Experiments were carried out twice in triplicate.
Values are normalized against buffer treated cells (mean+SD, n=3).

Table II. Mean Particle Size (nm) of pCpGrich and pCpGfree Complexes at a DNA Concentration of 150 μg/ml

Formulation N/P ratio pCpGrich pCpGfree

PEI22 6 170 (±40) 160 (±60)
DOTAP 4 280 (±20) 310 (±40)

Mean (±SD), n=3, Polydispersity values of the complexes were within acceptable limits (<0.30), indicating rather monodisperse formulations.

Fig. 3. In vitro gene expression in Neuro 2A cells, 24 h after
transfection with PEI22 (A) and DOTAP (B) based DNA complexes.
DNA complexes contained CpGrich (filled square) or CpGfree (filled
triangle) DNA. Experiments were carried out twice in triplicate.
Values are corrected per microgram protein (mean+SD, n=3).

1658 de Wolf et al.



not result in TLR9 contact and subsequent CpG-mediated
cellular activation.

In Vivo Gene Expression

The effect of plasmid replacement on tumor luciferase
expression was determined, at different time-points after i.v.
injection of PEI22 or DOTAP complexes in mice, bearing a
subcutaneous (s.c.) Neuro 2A tumor (30 μg DNA, Fig. 5).
Significant gene expression was detected in the tumor, 1 day
after administration of pCpGrich complexed with PEI22
(Fig. 5A). The replacement of pCpGrich by pCpGfree
enhanced the degree of gene expression approximately four-
fold (p<0.05). Moreover, CpG depletion improved the
duration of tumor transgene expression. Five days after
administration, luciferase levels had dropped 50-fold in the
case of pCpGrich-based transfection, whereas luciferase
levels were similar to day 1 p.i. in case of pCpGfree-based
transfection (p<0.05). Eleven days after injection, luciferase
levels of both plasmid types had decreased to background
levels. Similar effects were observed in case of tumor
luciferase expression mediated by DOTAP lipoplexes
(Fig. 5B). CpG depletion of DOTAP lipoplexes enhanced
the degree of tumor luciferase expression 20-fold, at day 1 p.i.

Again, transgene expression endured to at least 5 days, using
the CpGfree complexes (p<0.05).

The distribution of luciferase expression in the major
organs was assessed after i.v. administration of both CpGrich
and CpGfree complexes. Transgene expression was highest in
the lungs, the liver and the spleen (Fig. 6A–F). Transgene
expression in kidney and heart is not shown.

Injection of CpGrich PEI22 complexes mediated highest
transgene expression in the lungs (Fig. 6A). CpG depletion
did not significantly affect the degree of luciferase expression
at day 1, 5 and 11 p.i., although mean levels were higher. In
the case of DOTAP-mediated transfection, lung expression
was low and only detectable at day 1 and 11 after
administration of CpGfree complexes (Fig. 6B, p<0.05).
Various factors may explain the significant difference in gene
expression of polyplexes and lipoplexes, at the different time-
points. Aggregation has been reported to be a dominant
factor in lung uptake (50–52). Both systems may have
differed in the degree of aggregation upon introduction into
the bloodstream. A second explanation relates to earlier
observations demonstrating that alveolar cells were reached
after the intravenous administration of several DNA com-
plexes, as a result of the transient opening of the endothelial

Fig. 4. Box and whisker plot of the serum IL-12 levels of mice after
i.v. administration of PEI22 (A) and DOTAP (B) based DNA
complexes in A/J mice (200 μl, containing 30 μg DNA; n=6).
X symbols represent values which were identified as outliers.

Fig. 5. Tumor gene expression after i.v. administration of PEI22 (A)
and DOTAP (B) based DNA complexes in A/J mice bearing a s.c.
Neuro 2A tumor (200 μl, containing 30 μg DNA; mean+SD, n=3).
Average tumor weight at day 1, 5 and 11 was 0.6, 1.1 and 1.9 g,
respectively.
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cell lining (31,53–55). The DNA complexes investigated in
this study might have differed in their ability to penetrate the
endothelial cell lining.

Liver (Fig. 6C,D) and spleen (Fig. 6E,F) gene expression
were significantly enhanced at all time-points evaluated, upon
replacement of pCpGrich by pCpGfree in the different DNA
complexes (p<0.05). Interestingly, significant luciferase levels

in the latter organs persisted over at least 11 days. The
prolongation of transgene expression is in good agreement
with earlier publications. Yew et al. demonstrated transgene
liver expression persisting over a period of 28–42 days, after
i.v. transfection with lipoplexes with a reduced number of
CpG motifs (26). Also, Park et al. demonstrated increased
transgene adiponectin serum levels over a period of 2–5 days,

Fig. 6. Organ gene expression after i.v. administration of PEI22 (A, C, E) and DOTAP (B, D, F) based DNA complexes in A/J mice bearing a
s.c. Neuro 2A tumor (200 μl, containing 30 μg DNA). Lung (A, B), liver (C, D), spleen (E, F; mean+SD, n=3).
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after administration of PEI polyplexes consisting of minicircle
DNA, compared to PEI polyplexes bearing the complete
bacterial expression cassette (33).

The beneficial effects of CpG depletion on the duration
of luciferase expression was more pronounced in the liver and
in the spleen, when compared to the lung. Luciferase
expression observed in these organs is probably originating
from a small fraction of the accumulated dose being able to
escape from uptake by the non-parenchymal macrophages
and to transfect parenchymal cells (e.g. hepatocytes) (56). We
hypothesize that the non-parenchymal macrophages have
been responsible for extensive suppression of transgene
expression in the transfected parenchymal cells, in the case
of transfection with CpGrich DNA complexes. Hepatosplenic
macrophages have found to be responsible for the capture of
a major part of the circulating DNA complexes (24). The
TLR9-mediated signaling of CpG motifs by macrophages has
shown to result in immune activation and high local levels of
pro-inflammatory cytokines (47). The beneficial effect of CpG
depletion is likely most obvious in those organs where immune
cells are easily accessible (liver and spleen) and therefore are
highly involved in the uptake and processing of the complexes,
compared to e.g. the lung where immune cells are muss less
accessible for interaction with circulating DNA complexes.

The exact mechanism by which CpG depletion improves
transgene expression still remains unclear. The superior in
vivo transgene expression profile of CpGfree DNA com-
plexes might have benefited from the lack of the de novo
plasmid methylation (15–17). The results from this study
demonstrates that removal of CpG motifs limits the immu-
nostimulatory effects of i.v. administered DNA liposome
formulations. A limited immune response may have contrib-
uted to the improved transgene expression by alleviating
plasmid promoter repression as well as toxicity towards
transfected cells and transgene products (26,29,30). The
extent to which both mechanisms contribute to the degree
and duration of transgene expression is likely dependent on
additional factors such as, amongst others, the acute toxicity
of the gene delivery system, as well as the type of organ(s)
and cell(s) being transfected.

CONCLUSION

This study is the first in demonstrating that the replace-
ment of CpGrich DNA by CpGfree DNA improves the
degree and duration of transgene expression after polymer-
mediated i.v. gene delivery. The effect is most pronounced in
the liver and spleen, and to a lesser extent in the tumor.
Therapeutic studies have to clarify whether CpG depletion
will enable further progression in tumor gene therapy.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which
permits any noncommercial use, distribution, and reproduction in
anymedium, provided the original author(s) and source are credited.

REFERENCES

1. D. Cross, and J. K. Burmester. Gene therapy for cancer treatment:
past, present and future. Clin. Med. Res. 4:218–227 (2006).

2. S. D. Patil, D. G. Rhodes, and D. J. Burgess. DNA-based
therapeutics and DNA delivery systems: a comprehensive
review. Aaps J. 7:E61–E77 (2005).

3. A. G. Schatzlein. Non-viral vectors in cancer gene therapy:
principles and progress. Anticancer Drugs 12:275–304 (2001).

4. S. D. Li, and L. Huang. Gene therapy progress and prospects:
non-viral gene therapy by systemic delivery. Gene Ther. 13:1313–
1319 (2006).

5. Y. K. Song, F. Liu, S. Chu, and D. Liu. Characterization of
cationic liposome-mediated gene transfer in vivo by intravenous
administration. Hum. Gene Ther. 8:1585–1594 (1997).

6. N. S. Yew. Controlling the kinetics of transgene expression by
plasmid design. Adv. Drug Deliv. Rev. 57:769–780 (2005).

7. R. Kircheis, E. Ostermann, M. F. Wolschek, C. Lichtenberger, C.
Magin-Lachmann, L. Wightman, M. Kursa, and E. Wagner.
Tumor-targeted gene delivery of tumor necrosis factor-alpha
induces tumor necrosis and tumor regression without systemic
toxicity. Cancer Gene Ther. 9:673–680 (2002).

8. J. D. Tousignant, H. Zhao, N. S. Yew, S. H. Cheng, S. J. Eastman,
and R. K. Scheule. DNA sequences in cationic lipid:pDNA-
mediated systemic toxicities.Hum. Gene Ther. 14:203–214 (2003).

9. A. M. Krieg. Immune effects and mechanisms of action of CpG
motifs. Vaccine 19:618–622 (2000).

10. F. Takeshita, I. Gursel, K. J. Ishii, K. Suzuki, M. Gursel, and
D. M. Klinman. Signal transduction pathways mediated by the
interaction of CpG DNA with toll-like receptor 9. Semin.
Immunol. 16:17–22 (2004).

11. D. Chen, B. Murphy, R. Sung, and J. S. Bromberg. Adaptive and
innate immune responses to gene transfer vectors: role of
cytokines and chemokines in vector function. Gene Ther.
10:991–998 (2003).

12. R. K. Scheule. The role of CpG motifs in immunostimulation and
gene therapy. Adv. Drug Deliv. Rev. 44:119–134 (2000).

13. S. Li, S. P. Wu, M. Whitmore, E. J. Loeffert, L. Wang, S. C.
Watkins, B. R. Pitt, and L. Huang. Effect of immune response on
gene transfer to the lung via systemic administration of cationic
lipidic vectors. Am. J. Physiol. 276:L796–L804 (1999).

14. A. Reyes-Sandoval, and H. C. Ertl. CpG methylation of a
plasmid vector results in extended transgene product expression
by circumventing induction of immune responses. Mol. Ther.
9:249–261 (2004).

15. R. J. Klose, and A. P. Bird. Genomic DNA methylation: the
mark and its mediators. Trends Biochem. Sci. 31:89–97 (2006).

16. K. Hong, J. Sherley, and D. A. Lauffenburger. Methylation of
episomal plasmids as a barrier to transient gene expression via a
synthetic delivery vector. Biomol. Eng. 18:185–192 (2001).

17. R. A. Irvine, I. G. Lin, and C. L. Hsieh. DNA methylation has a
local effect on transcription and histone acetylation. Mol. Cell
Biol. 22:6689–6696 (2002).

18. A. M. Krieg. Therapeutic potential of toll-like receptor 9
activation. Nat. Rev. Drug Discov. 5:471–484 (2006).

19. S.W.Dow, L. G. Fradkin, D. H. Liggitt, A. P.Willson, T. D.Heath,
and T. A. Potter. Lipid–DNA complexes induce potent activation
of innate immune responses and antitumor activity when admin-
istered intravenously. J. Immunol. 163:1552–1561 (1999).

20. M. Whitmore, S. Li, and L. Huang. LPD lipopolyplex initiates a
potent cytokine response and inhibits tumor growth. Gene Ther.
6:1867–1875 (1999).

21. H. S. Zhou, D. P. Liu, and C. C. Liang. Challenges and strategies:
the immune responses in gene therapy. Med. Res. Rev. 24:748–
761 (2004).

22. Y. Tan, and L. Huang. Overcoming the inflammatory toxicity of
cationic gene vectors. J. Drug Target. 10:153–160 (2002).

23. S. Li, Y. Tan, E. Viroonchatapan, B. R. Pitt, and L. Huang.
Targeted gene delivery to pulmonary endothelium by anti-
PECAM antibody. Am. J. Physiol. Lung Cell Mol. Physiol. 278:
L504–L511 (2000).

24. J. S. Zhang, F. Liu, and L. Huang. Implications of pharmacoki-
netic behavior of lipoplex for its inflammatory toxicity. Adv.
Drug Deliv. Rev. 57:689–698 (2005).

25. Y. Tan, S. Li, B. R. Pitt, and L. Huang. The inhibitory role of CpG
immunostimulatory motifs in cationic lipid vector-mediated trans-
gene expression in vivo. Hum. Gene Ther. 10:2153–2161 (1999).

26. N. S. Yew, H. Zhao, I. H. Wu, A. Song, J. D. Tousignant, M.
Przybylska, and S. H. Cheng. Reduced inflammatory response to

1661Plasmid CpG Depletion Improves Degree and Duration of Tumor Gene Expression



plasmid DNA vectors by elimination and inhibition of immunos-
timulatory CpG motifs. Mol. Ther. 1:255–262 (2000).

27. K. Schughart, R. Bischoff, D. A. Hadji, O. Boussif, F. Perraud, N.
Accart, U. B. Rasmussen, A. Pavirani, N. Van Rooijen, and H. V.
Kolbe. Effect of liposome-encapsulated clodronate pretreatment
on synthetic vector-mediated gene expression in mice. Gene
Ther. 6:448–453 (1999).

28. Y. Chen, P. Lenert, R. Weeratna, M. Mccluskie, T. Wu, H. L.
Davis, and A. M. Krieg. Identification of methylated CpG motifs
as inhibitors of the immune stimulatory CpG motifs. Gene Ther.
8:1024–1032 (2001).

29. N. S. Yew, H. Zhao, M. Przybylska, I. H. Wu, J. D. Tousignant,
R. K. Scheule, and S. H. Cheng. CpG-depleted plasmid DNA
vectors with enhanced safety and long-term gene expression in
vivo. Mol. Ther. 5:731–738 (2002).

30. B. L. Hodges, K. M. Taylor, M. F. Joseph, S. A. Bourgeois, and
R. K. Scheule. Long-term transgene expression from plasmid
DNA gene therapy vectors is negatively affected by CpG
dinucleotides. Mol. Ther. 10:269–278 (2004).

31. Z. Chen, C. Y. He, A. Ehrhardt, and M. A. Kay. Minicircle DNA
vectors devoid of bacterial DNA result in persistent and high-
level transgene expression in vivo. Mol. Ther. 8:495–500 (2003).

32. H. Kawano, M. Nishikawa, M. Mitsui, Y. Takahashi, K. Kako, K.
Yamaoka, Y. Watanabe, and Y. Takakura. Improved anti-cancer
effect of interferon gene transfer by sustained expression using
CpG-reduced plasmid DNA. Int. J. Cancer. 15:401–406 (2007).

33. J. H. Park, M. Lee, and S. W. Kim. Non-viral adiponectin gene
therapy into obese type 2 diabetic mice ameliorates insulin
resistance. J. Control. Release. 114:118–125 (2006).

34. B. Demeneix, and J. P. Behr. Polyethylenimine (PEI). Adv.
Genet. 53:217–230 (2005).

35. N. S. Templeton. Cationic liposome-mediated gene delivery in
vivo. Biosci. Rep. 22:283–295 (2002).

36. S. Zhang, Y. Xu, B. Wang, W. Qiao, D. Liu, and Z. Li. Cationic
compounds used in lipoplexes and polyplexes for gene delivery.
J. Control. Release 100:165–180 (2004).

37. M. Kursa, G. F. Walker, V. Roessler, M. Ogris, W. Roedl, R.
Kircheis, and E. Wagner. Novel shielded transferrin-polyethylene
glycol-polyethylenimine/DNA complexes for systemic tumor-
targeted gene transfer. Bioconjug. Chem. 14:222–231 (2003).

38. H. K.De Wolf, J. Luten, C. J. Snel, C. Oussoren, W. E. Hennink,
and G. Storm. In vivo tumor transfection mediated by polyplexes
based on biodegradable poly(DMAEA)-phosphazene. J. Control.
Release 109:275–287 (2005).

39. D. A. Scudiero, R. H. Shoemaker, K. D. Paull, A. Monks, S.
Tierney, T. H. Nofziger, M. J. Currens, D. Seniff, and M. R.
Boyd. Evaluation of a soluble tetrazolium/formazan assay for cell
growth and drug sensitivity in culture using human and other
tumor cell lines. Cancer Res. 48:4827–4833 (1988).

40. F. Verbaan, I. Van Dam, Y. Takakura, M. Hashida, W. Hennink, G.
Storm, and C. Oussoren. Intravenous fate of poly(2-(dimethyla-
mino)ethyl methacrylate)-based polyplexes. Eur. J. Pharm. Sci.
20:419–427 (2003).

41. D. W. Pack, A. S. Hoffman, S. Pun, and P. S. Stayton. Design and
development of polymers for gene delivery. Nat. Rev. Drug
Discov. 4:581–593 (2005).

42. Y. Xu, and F. C. Szoka Jr. Mechanism of DNA release from
cationic liposome/DNA complexes used in cell transfection.
Biochemistry 35:5616–5623 (1996).

43. L. Wightman, R. Kircheis, V. Rossler, S. Carotta, R. Ruzicka, M.
Kursa, and E. Wagner. Different behavior of branched and linear
polyethylenimine for gene delivery in vitro and in vivo. J. Gene
Med. 3:362–372 (2001).

44. J. D. Tousignant, A. L. Gates, L. A. Ingram, C. L. Johnson, J. B.
Nietupski, S. H. Cheng, S. J. Eastman, and R. K. Scheule.
Comprehensive analysis of the acute toxicities induced by
systemic administration of cationic lipid:plasmid DNA complexes
in mice. Hum. Gene Ther. 11:2493–2513 (2000).

45. S. Kawakami, Y. Ito, P. Charoensit, F. Yamashita, andM. Hashida.
Evaluation of proinflammatory cytokine production induced by
linear and branched polyethylenimine/plasmid DNA complexes
in mice. J. Pharmacol. Exp. Ther. 317:1382–1390 (2006).

46. D. B. Fenske, I. Maclachlan, and P. R. Cullis. Long-circulating
vectors for the systemic delivery of genes. Curr. Opin. Mol. Ther.
3:153–158 (2001).

47. K. Yasuda, Y. Ogawa, I. Yamane, M. Nishikawa, and Y.
Takakura. Macrophage activation by a DNA/cationic liposome
complex requires endosomal acidification and TLR9-dependent
and -independent pathways. J. Leukoc. Biol. 77:71–79 (2005).

48. J. Rejman, M. Conese, and D. Hoekstra. Gene transfer by means
of lipo- and polyplexes: role of clathrin and caveolae-mediated
endocytosis. J. Liposome Res. 16:237–247 (2006).

49. M. A. Van Der Aa, U. S. Huth, S. Y. Hafele, R. Schubert, R. S.
Oosting, E. Mastrobattista, W. E. Hennink, R. Peschka-Suss,
G. A. Koning, and D. J. Crommelin. Cellular uptake of
cationic polymer-DNA complexes via caveolae plays a pivotal
role in gene transfection in COS-7 cells. Pharm. Res. 24:1590–
1598 (2007).

50. F. Sakurai, T. Nishioka, H. Saito, T. Baba, A. Okuda, O.
Matsumoto, T. Taga, F. Yamashita, Y. Takakura, and M.
Hashida. Interaction between DNA-cationic liposome complexes
and erythrocytes is an important factor in systemic gene transfer
via the intravenous route in mice: the role of the neutral helper
lipid. Gene Ther. 8:677–686 (2001).

51. F. J. Verbaan, C. Oussoren, I. M. Van Dam, Y. Takakura, M.
Hashida, D. J. Crommelin, W. E. Hennink, and G. Storm. The
fate of poly(2-dimethyl amino ethyl)methacrylate-based poly-
plexes after intravenous administration. Int. J. Pharm. 214:99–
101 (2001).

52. R. Kircheis, L. Wightman, A. Schreiber, B. Robitza, V. Rossler,
M. Kursa, and E. Wagner. Polyethylenimine/DNA complexes
shielded by transferrin target gene expression to tumors after
systemic application. Gene Ther. 8:28–40 (2001).

53. D. Goula, N. Becker, G. F. Lemkine, P. Normandie, J.
Rodrigues, S. Mantero, G. Levi, and B. A. Demeneix. Rapid
crossing of the pulmonary endothelial barrier by polyethyleni-
mine/DNA complexes. Gene Ther. 7:499–504 (2000).

54. S. M. Zou, P. Erbacher, J. S. Remy, and J. P. Behr. Systemic
linear polyethylenimine (L-PEI)-mediated gene delivery in the
mouse. J. Gene Med. 2:128–134 (2000).

55. A. Bragonzi, G. Dina, A. Villa, G. Calori, A. Biffi, C. Bordignon,
B. M. Assael, and M. Conese. Biodistribution and transgene
expression with nonviral cationic vector/DNA complexes in the
lungs. Gene Ther. 7:1753–1760 (2000).

56. J. W. Mclean, E. A. Fox, P. Baluk, P. B. Bolton, A. Haskell, R.
Pearlman, G. Thurston, E. Y. Umemoto, and D. M. Mcdonald.
Organ-specific endothelial cell uptake of cationic liposome–DNA
complexes in mice. Am. J. Physiol. 273:H387–H404 (1997).

1662 de Wolf et al.


	Plasmid CpG Depletion Improves Degree and Duration of Tumor Gene Expression After Intravenous Administration of Polyplexes
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Methods
	Plasmid Construction and Purification
	Preparation of the DNA Complexes

	Complex Characterization
	Complex cytotoxicity and in vitro transfection activity
	In Vivo Studies
	Statistical Analysis


	RESULTS AND DISCUSSION
	Plasmid DNA Characteristics
	Characterization of the DNA Complexes
	Complex Cytotoxicity and In Vitro Transfection Activity
	In Vivo Inflammatory Response
	In Vivo Gene Expression

	CONCLUSION
	References



