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The mammalian innate immune system has the ability to recognise and
direct a response against incoming foreign DNA. The primary signal that
triggers this response is unmethylated CpG motifs present in the DNA
sequence of various disease-causing pathogens. These motifs are rare in
vertebrate DNA, but abundant in bacterial and some viral DNAs. Because
gene therapy generally involves the delivery of DNA from either plasmids of
bacterial origin or recombinant viruses, an acute inflammatory response of
variable severity inevitably results. The response is most serious for non-
viral gene delivery vectors composed of cationic lipid–DNA complexes, pro-
ducing adverse effects at lower doses and lethality at higher doses of com-
plex. This review examines the role of immunostimulatory CpG motifs in the
acute inflammatory response to non-viral gene therapy vectors. Strategies
to neutralise or eliminate CpG motifs within plasmid DNA vectors, and the
existing limitations of CpG reduction on improving the safety profile of
non-viral vectors, will be discussed.

Keywords: CpG motifs, gene therapy, inflammation, innate immune response, non-viral vectors, 
plasmid DNA

Expert Opin. Drug Deliv. (2004) 1(1):115-125

1. Introduction

The delivery of very large polyanionic polymers of nucleic acids into cells is not a
naturally-occurring process, especially when complexed with cationic lipids or other
macromolecular conjugates. These reagents deposit numerous copies of plasmid
DNA into the cytoplasm of cells, usually without discrimination as to cell type.
Thus, dendritic cells (DCs), macrophages and other antigen-presenting cells (APCs)
take up the DNA complexes as well as the target cells. In humans, B cells and plas-
macytoid DCs are activated by unmethylated cytosine–phosphate–guanine (CpG)
motifs present in DNA, provoking the maturation, differentiation and proliferation
of monocytes, macrophages, T cells and natural killer (NK) cells [1]. These cells
secrete a T helper (Th)1-type spectrum of pro-inflammatory cytokines and chemo-
kines that is favourable for generating an adaptive immune response to a given anti-
gen [2-4]. Such a response is the basis for using plasmid DNA as an adjuvant to co-
administered vaccines, or as a vaccine itself when the plasmid encodes an antigen [5].
CpG-containing plasmids and oligodeoxynucleotides are also being evaluated to
prevent allergy (by redirecting a Th2- to a Th1-type immune response), and as an
immunotherapy for cancer. These therapeutic applications have been reviewed
recently [6,7] and will not be covered here. Rather, this review will focus on applica-
tions for which the CpG response is problematic, the possible ways to mitigate the
effect of CpGs, and the benefits and limitations that result.
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It was Tokunaga and his colleagues [8,9], while studying
the antitumour activity of a bacterial toxin, who first deter-
mined that bacterial, but not vertebrate, DNA, is the key
component involved in activating NK cells and inhibiting
tumour growth. Krieg et al. [10] then identified unmethyl-
ated CpG motifs as being the critical immunostimulatory
sequences, providing an explanation for the phenomenon of
CpG suppression found in mammalian and other vertebrate
genomes. The frequency of CG dinucleotides in vertebrate
DNA is a third to a quarter that of the expected mathemati-
cal frequency of 1 out of 16 bases. Moreover, ∼ 80% of the
CpGs are methylated. In contrast, bacterial DNA is
unmethylated and not CpG-suppressed, and, therefore, has
a significantly higher frequency of unmethylated CpG
motifs. Bacterial DNA and CpG-containing oligodeoxy-
nucleotides are highly stimulatory to human and murine
leucocytes in vitro, inducing B cell proliferation and immu-
noglobulin secretion, DC and macrophage activation, and
NK cell lytic activity [3,10-12].

Unmethylated CpG motifs are recognised by Toll-like
receptor (TLR)9, a member of a family of receptors that
recognise specific pathogen-associated molecular patterns
that are present on micro-organisms [13,14]. For example,
TLR4 recognises lipopolysaccharide, an integral component
of Gram-negative bacteria, and TLR5 recognises flagellin
[15,16]. Like other TLRs, TLR9 is a transmembrane protein
with a large extracellular domain that contains several leu-
cine-rich repeats [17]. TLR9 also has a conserved cytoplasmic
sequence, known as the Toll receptor/IL-1 receptor (TIR)
domain. TLR9 is not present on the cell surface, but is
instead located intracellularly. Confocal microscopy studies
by Latz et al. [18] show that the receptor is initially localised
to the endoplasmic reticulum of macrophages and DCs.
DNA containing unmethylated CpGs enters the cell and
moves first into early endosomes and then into a highly
motile tubular lysosomal compartment. TLR9 concomi-
tantly translocates from the endoplasmic reticulum to where
the CpG-containing DNA is located. Ligand-binding
experiments and surface plasmon resonance both indicate
that CpG-containing DNA binds directly to TLR9,
although the existence of accessory binding proteins cannot
be ruled out [18-20].

On binding of plasmid DNA to TLR9, signalling is initi-
ated by the cytoplasmic TIR domain, which associates with
myeloid differentiation primary-response protein 88
(MyD88). MyD88 then recruits IL-1 receptor associated
kinase (IRAK)4, which phosphorylates IRAK1. Signalling
then continues through several other kinases and adapter
proteins that include tumour necrosis factor-associated fac-
tor (TRAF)6, transforming growth factor β-activated kinase
(TAK1), TAK1-binding protein (TAB)1 and TAB2 [21].
Both MAPKs and a variety of transcription factors such as
NFκB are then activated that promote the subsequent
expression of several pro-inflammatory chemokine and
cytokine genes.

2. CpG and autoimmunity

In addition to acute inflammation, the long-term conse-
quences of delivering CpG-containing DNA should also be
considered. One possible hazard is the development of
autoimmune disease. Studies by Marshak-Rothstein and col-
leagues have demonstrated a crucial role for TLR9 in auto-
immunity [22,23]. They observed in the blood of autoimmune
mice complexes of a particular subclass of self-immunoglobu-
lin (IgG2a) and DNA. These complexes activate particular
B cells that secrete rheumatoid factors (anti-immunoglobulin
antibodies) through simultaneously activating the B cell anti-
gen receptor and TLR9, thus triggering proliferation. The
results demonstrate that TLR9 signalling can activate B cells
without T cell help. Hypomethylated DNA is required [24],
and consistent with this observation is that the levels of DNA
methylation are reduced in mice and humans with auto-
immune disease [25,26]. In addition, several reports show that
CpG oligonucleotides can induce the activation and
expansion of autoreactive T cells [27-29].

However, more than one signalling event is required for
autoimmune disease to develop, and there are multiple active
mechanisms for maintaining self tolerance [30]. Repeated
immunisation of normal mice with either plasmid DNA or
bacterial DNA induces significant quantities of anti-DNA
antibodies, but the mice do not develop autoimmune disease
[31,32]. Plasmid DNA vaccines have also been administered to
a number of human patients without significant adverse reac-
tions [33-35]. Nevertheless, one may speculate that there may
be a slight increased risk to susceptible individuals on expo-
sure to CpG DNA. Waldner et al. [36] conducted studies with
a strain of transgenic mice that express a T cell receptor spe-
cific for an encephalitogenic antigen (myelin proteolipid pro-
tein). Although these mice have a high frequency of self-
reactive T cells, they are relatively resistant to developing
experimental autoimmune encephalomyelitis. Activation of
APCs in these mice through either TLR4 or -9 signalling
breaks self-tolerance and induces autoimmune disease. How-
ever, results in mice cannot predict the response in humans,
and the degree of risk should not be overstated. Those work-
ing in the field of DNA vaccines, anti-allergen therapy and
cancer immunotherapy are aware of the potential issues, and
additional safety data from ongoing clinical trials will
improve our ability to gauge the potential for CpG-mediated
autoimmunity in the context of gene therapy applications.

3. Role of CpG motifs in the toxicity of cationic 
lipid–DNA complexes

An acute, dose-dependent inflammatory response is observed
after administering cationic lipid–DNA complexes either into
the lumen of the lung or systemically into the bloodstream.
The inflammation in the lung after instillation of complex is
characterised by an influx of neutrophils, multifocal lesions in
the alveolar region, and induction of the pro-inflammatory
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cytokines TNF-α, IFN-γ and IL-12 [37]. Cationic lipid alone or
plasmid DNA alone does not induce a significant cytokine
response, indicating that the cationic lipid–DNA complex is
the causative agent [38]. Aerosol delivery of polyethylenimine-
DNA complexes also generates elevated TNF-α and IL-1β lev-
els in the bronchoalveolar lavage fluid [39]. The inflammatory
response has been observed not only in mice, but also in sheep
[40] and humans [41,42]. In a clinical trial involving nasal and aer-
osol delivery of a cationic lipid–DNA complex into individuals
with cystic fibrosis, seven of eight patients that received com-
plex, but not those that received cationic lipid alone, developed
mild flu-like symptoms that resolved within 36 h [41].

The evidence that unmethylated CpGs are responsible for
much of the inflammatory response in the lung came initially
from studies using complexes containing methylated DNA,
which produced significantly lower levels of cytokines com-
pared with unmethylated DNA complexes [38,43]. In addition,
when complexes were formed with a plasmid DNA vector
that had been depleted of ∼ 50% of its CpG motifs, the levels
of pro-inflammatory cytokines induced after instillation were
markedly decreased [44]. These results strongly imply that
unmethylated CpGs are responsible for the vast majority of
the cytokine response in the lung.

A similar response occurs after systemic administration of
cationic lipid–DNA complexes. Within 24 h of receiving
intravenous injection of complex, mice appear scruffy and
lethargic, the extent of which is dose dependent. These symp-
toms usually resolve over time, but higher doses of complex
can be lethal. Elevated levels of the pro-inflammatory
cytokines TNF-α, IL-12, IL-6 and IFN-γ are found in the
serum [45], and CD69, a very early activation antigen, is
upregulated on CD8+ and CD4+ T cells, NK cells, B cells, and
macrophages in the spleen [46]. There is also activation of
complement [47], accumulation and activation of NK cells and
apoptosis in the lung [48], and elevations of serum trans-
aminases and acute phase proteins, which are indicative of
hepatocellular necrosis [45,49,50].

As was seen with lung delivery, intravenous delivery of com-
plexes containing CpG-methylated plasmid DNA resulted in
significant reductions of pro-inflammatory cytokines [48]. Meth-
ylation has also been reported to decrease alanine aminotrans-
ferase and aspartate aminotransferase levels [49], although this has
not been observed in all cases [45]. Methylation also had no effect
on the acute depletion of white blood cells and platelets from the
serum after intravenous administration [51]. However, a highly
CpG-depleted vector (pGZB) was able to not only decrease the
elevation of IL-12 and IFN-γ, but also reduced the loss of leuco-
cytes and platelets, and decreased the elevations of alanine ami-
notransferase and aspartate aminotransferase in the blood [52].
The results reinforce the dominant role of unmethylated CpGs
in many of the acute toxicities that occur after intravenous deliv-
ery. The data, however, also suggest that methylating CpG
motifs and eliminating CpGs are not entirely equivalent.
Whether methylated CpG motifs in the plasmid stimulate a
TLR9-independent pathway remains to be determined.

4. CpG-mediated toxicity from naked 
DNA vectors

The inflammatory response from naked DNA delivery is con-
siderably less than that observed with cationic lipid–DNA com-
plexes. However, for many strategies plasmid DNA is injected
into muscle, which is a common target tissue for inducing an
antibody response to a given transgene. Although suitable for
DNA vaccines, such a response is deleterious for any gene ther-
apy requiring extended expression. Direct injection of plasmid
DNA into skeletal muscle induces infiltration of mononuclear
cells, mainly macrophages and CD4+ and CD8+ T cells [53].
The unmethylated CpG motifs in the plasmid also induce the
expression of the chemokine monocyte chemotactic protein-1
and major histocompatibility complex (MHC) class II mole-
cules on myocytes [54]. Injection of methylated plasmid DNA
or a highly CpG-reduced vector results in substantially reduced
mononuclear infiltration, with fewer regenerating fibres indica-
tive of decreased muscle damage [53]. Methylating the plasmid
vector also abolishes the antibody response to an expressed viral
glycoprotein [55]. Although the inflammation observed with
naked DNA delivery into muscle is relatively mild and tran-
sient, the potent adjuvant effect of unmethylated CpG motifs is
still of concern, especially when expressing a foreign protein or
the normal version of a mutant protein, for example, dystropin
for the treatment of Duchenne muscular dystrophy [56].

5. Modifying and eliminating CpG motifs from 
plasmid DNA vectors

The in vivo studies highlight the beneficial effects of methy-
lating or eliminating CpGs. One additional approach is to
add so-called neutralising or suppressive motifs to counter the
effects of immunostimulatory CpG motifs [57]. If one is to
determine how best to generate a less inflammatory plasmid
DNA vector, it is perhaps useful to discuss the merits, limita-
tions and practical considerations of these three strategies.

The results described above indicate that methylation can
reduce many, but not all, CpG-mediated effects. Methylation of
plasmid DNA is accomplished easily in vitro using purified CpG
methylase (M.Sss I), which methylates all cytosine residues at
the C5-position within the sequence 5′-CG-3′ [58]. Plasmid vec-
tors can also be methylated within a strain of Escherichia coli that
harbours a second plasmid encoding the M.Sss I gene [59].
Methylated CpG DNA does not activate TLR9 signalling in
spleen cell cultures or various cell lines in vitro, fails to induce
the spectrum of pro-inflammatory cytokines normally observed
using unmethylated plasmid DNA, and has no Th1-type adju-
vant effect [17,59]. In fact, co-administering methylated CpG
DNA with unmethylated plasmid DNA can reduce the inflam-
matory response [60]. Nevertheless, methylated CpG DNA is not
equivalent to non-CpG DNA, because methylated DNA still
induces some of the adverse hematological changes (e.g.,
lymphopenia, thrombocytopenia) that were observed with
unmethylated DNA complexes [51].
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An additional major limitation of globally methylating the
plasmid is that it inhibits the transcriptional activity of most
promoters [61]. A methylated promoter may retain only a few
per cent of its original activity, although a few promoters,
such as the mouse mammary tumour virus long terminal
repeat or simian virus 40 early promoter, are relatively insensi-
tive to methylation [62]. However, these promoters possess rel-
atively weak transcriptional activity. Furthermore,
methylation of non-promoter sequences in a given plasmid
also inhibits gene expression, probably through the formation
of an inactive chromatin structure [63-66].

A second possible approach to reduce the CpG-mediated
response to plasmid DNA vectors is to incorporate sequence
motifs that suppress or neutralise immunostimulatory CpG
motifs. The existence of such motifs is supported by the find-
ing that vertebrate DNA that is completely unmethylated still
fails to induce an immune response. Krieg et al. [67] first recog-
nised that certain sequence motifs consisting of direct repeats
or clusters of C and G could block stimulatory CpGs. These
suppressive motifs are over-represented in serotype 2 adeno-
viral DNA, which is non-stimulatory, and are also over-repre-
sented in the human genome. Removing 52 of 134 of these
neutralising motifs from a plasmid DNA enhanced its ability
to stimulate a Th1-like response in vivo [67]. Experiments using
oligonucleotides containing stimulatory and neutralising
motifs suggest that both the spacing and relative position
(5′ or 3′) of a neutralising to a stimulatory motif affect neutral-
ising activity [68,69]. More recent studies suggest that the ability
of a given sequence to form a tetrad structure is critical for its
suppressive activity [70]. Mammalian telomeres contain numer-
ous single-stranded hexanucleotide repeats with the sequence
TTAGGG. This sequence has neutralising activity that corre-
lates with its ability to form G-tetrads. Stacey et al. [71] also

found that G-rich sequences such as GGAGGG appear at a
higher frequency in the mouse genome than in E. coli DNA,
and were also potently inhibitory.

However, applying these observations to building plasmid
DNA vectors may not be so straightforward. Both the effec-
tive number and positioning of the suppressive motifs still
need to be determined. In addition, if many motifs need to be
incorporated to be effective, the increase in plasmid size
would be undesirable.

Therefore, given the limitations of methylation and the
complexities of suppression, the simplest approach to reduce
the CpG response is to eliminate CpGs from the plasmid vec-
tor (Figure 1). As there are > 200 – 300 CpGs in a typical plas-
mid, extensive site-directed mutagenesis would be too
laborious. Instead, plasmids can be assembled using chemi-
cally synthesised DNA that can be designed to any given
sequence. The CpGs in coding regions of the vector, such as
the transgene and antibiotic resistance gene, can be eliminated
by exploiting the degeneracy of the genetic code. With the
exceptions of methionine and tryptophan, all the amino acids
are encoded by more than one codon. Through the appropri-
ate choice of codons, all CpGs can be removed without alter-
ing the amino acid sequence. The CpGs in any introns
present in the vector can also be modified so long as func-
tional splice donor, splice acceptor, and lariat branch point
sites are preserved. The few CpGs in most polyadenylation
signal sequences can also be removed readily.

The CpGs within the promoter sequence can be removed,
but with unpredictable effects on promoter activity. Elimina-
ting CpGs from the cellular ubiquitin B gene promoter mark-
edly reduces its activity (data not shown). However,
eliminating CpGs from the human cytomegalovirus (CMV)
immediate-early gene promoter reduces activity by < 50% [52].

pCFA-HFIX pGZB-sHFIX

Human
Factor IX
cDNA

CMV prom

BGH pA

Ori

Kan

Intron

Ori

Kan

BGH pA

CMV prom

Intron

Human
Factor IX
cDNA

Figure 1. Unmodified plasmid vector (pCFA-HFIX) and corresponding CpG-reduced vector (pGZB-sHFIX) expressing human
Factor IX. Each symbol represents one CpG (CpGs from both strands of the double-stranded DNA).
BGH pA: Bovine growth hormone polyadenylation signal; CMV prom: Cytomegalovirus enhancer-promoter; Kan: Kanamycin resistance gene;
Ori: Plasmid replication origin.
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This strong viral promoter contains multiply reiterated copies
of many transcription factor binding sites that likely make it
more resistant to inactivation [72]. The murine CMV pro-
moter has extensive regions of non-CpG sequence within its
long complex enhancer and so requires less modification to
become CpG free [73]. A non-CpG murine CMV promoter
has been incorporated into a non-CpG plasmid vector [101].

The CpGs within a plasmid replication origin are the most
difficult to eliminate. Most commercially available plasmid
vectors use a ColE1-derived replication origin that encodes a
553 nucleotide RNA transcript, RNA II, which primes repli-
cation [74]. RNA II has a complex secondary structure with
loop domains that are important for regulating
replication [75]. Nevertheless, from mutagenesis experiments it
is possible to eliminate ∼ 60% of the CpGs within RNA II
and still preserve replicative function (data not shown). How-
ever, further attempts to eliminate the remaining CpGs have
been unsuccessful, and RNA-regulated plasmids are unlikely
to be made completely CpG-free. Therefore, plasmids using
other types of replication control have been investigated. For
plasmids such as pSC101, P1, F, and R6K, a protein regulates
replication initiation. The γ-origin of replication from R6K
has been made completely CpG free and incorporated into a
plasmid that is also devoid of CpGs [101]. This plasmid is
propagated in an E. coli strain in which a high copy mutant
pir gene has been integrated. The pir gene expresses the π-pro-
tein that is required for initiation of replication [76]. This
vector is commercially available [101].

6. Minimal plasmid vectors

Prior to these efforts in extensively mutating the plasmid vec-
tor to remove CpGs, other investigators found ways to excise
the vector backbone completely, using either restriction endo-
nuclease digestion or site-specific recombination. The impe-
tus was not directed specifically toward CpGs, but rather to
remove unwanted bacterial DNA and to make the vector
smaller, and thus, possibly more efficient in transducing cells.

Linear DNA molecules consisting of only the expression
cassette (promoter–intron–transgene–poly A signal) have
been generated by polymerase chain reaction amplification, or
by restriction endonuclease digestion and, optionally, purifi-
cation of the expression cassette fragment [77,78]. These linear
DNAs have exposed ends that are susceptible to exonuclease
digestion, but nevertheless appear sufficiently stable to
provide long-term expression after hydrodynamic delivery
into the liver [78]. One group has ligated stem-loop-forming
oligonucleotides to the ends of the linear cassettes, resulting in
capped linear DNA molecules, termed ‘minimalistic
immunogenically defined gene expression’ vectors [79].

Other groups have generated minimal plasmids by site-spe-
cific recombination. Darquet et al. [80,81] utilised the activity
of bacteriophage λ integrase, which normally mediates inte-
gration between the attP site in the phage genome and the
attB site in the E. coli chromosome. A plasmid was con-
structed containing the attP and attB sites flanking an expres-
sion cassette. The plasmid was propagated in an E. coli strain

AAT

Pr pA

attP attB

Int
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Amp

Ori

Minicircle

Miniplasmid

Induction/
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Figure 2. Generation of minimal plasmid vectors by site-specific recombination. Induction of ØC31 integrase expression and
subsequent intramolecular recombination generates a minicircle vector containing the functional expression cassette and a
miniplasmid containing the vector backbone. Reprinted from CHEN ZY, HE CY, EHRHARDT A, KAY MA, Minicircle DNA vectors
devoid of bacterial DNA result in persistent and high-level transgene expression in vivo. Molecular Therapy 8(3):495-500, Copyright ©
(2003), with permission from Elsevier [83].
AAT: α1-Antitrypsin cDNA; attB: Bacterial attachment site; attL: Left hybrid sequence; attP: Phage attachment site; attR: Right hybrid sequence; Amp: Ampicillin
resistance gene; Ind Pr: Arabinose inducible promoter; Int: ØC31 integrase gene; Ori: Bacterial replication origin; pA: Polyadenylation signal sequence; Pr: Promoter. 
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that contained a thermoinducible λ integrase. Induction of
integrase expression generated two supercoiled molecules, one
consisting of the vector backbone and the other the minicircle
consisting of the expression cassette. Bigger et al. [82] used a
similar approach, employing the bacteriophage P1 Cre recom-
binase to induce site-specific recombination between loxP sites
flanking an expression cassette. A third integrase, the Strepto-
myces phage integrase ØC31 integrase has been placed under
the control of an arabinose inducible promoter, with minimal
attP and attB sites in the plasmid vector (Figure 2) [83]. All
three systems create supercoiled minicircles, although the uni-
directional reaction of the phage integrases may be more effi-
cient in generating minicircles compared with using the bi-
directional Cre recombinase [83].

Large-scale production and purification of linear DNA cas-
settes may be problematic. Purification of supercoiled
minicircles also may be an issue, as the minicircles must be
separated from the recombined vector backbone and possibly
small amounts of unrecombined plasmid. However, a clever
strategy that linearises and digests the unwanted plasmid
forms has recently enabled the purification of > 1 mg of
minicircle DNA from 1 l of culture using conventional
affinity chromatography [84].

7. Duration of transgene expression from 
CpG-depleted vectors

A second consequence of CpG depletion was an unexpected
dramatic increase in the persistence of transgene expression
from the highly CpG-reduced vector pGZB. In this vector,
most of the CpGs have been eliminated (80%), including
those within the CMV enhancer-promoter region, with the
exception of those CpGs residing in the replication origin.
After intravenous injection of cationic lipid–pGZB DNA
complexes into BALB/c mice, expression of the CAT reporter
protein declined initially, but then increased steadily over
time. By 7 weeks postinjection CAT levels often exceeded
day 1 levels by several-fold [52]. This was also observed using a
pGZB vector expressing α-galactosidase A, achieving mini-
mally therapeutic levels of enzyme in a transgenic disease
model of α-galactosidase A deficiency (Fabry disease) [85].
After hydrodynamic delivery of naked pGZB DNA express-
ing human Factor IX or α-galactosidase into the mouse liver,
expression declined initially by ∼ 1 log over the first 2 weeks,
but was then fairly stable over the next 5 months (Figure 3)
[86]. Similar expression profiles were observed in C57BL/6,
BALB/c or CD1 mice, indicating that this effect of CpG
depletion is independent of mouse strain.

The mechanism underlying the sustained expression from
pGZB is unknown. One possibility is that the non-CpG
CMV promoter is insensitive to its normal downregulation, as
a result of mutating one or more repressor binding sites, or
eliminating its potential to be inactivated by methylation
[87,88]. Although resistance to promoter methylation would be
the simplest explanation, there is evidence that the reduction

in CpG content of the overall vector and not just the pro-
moter has an important influence on the duration of trans-
gene expression. Vectors containing an unmodified CMV
promoter in a CpG-depleted backbone exhibit increased per-
sistence of expression [52]. In addition, whereas expression
from a plasmid containing the non-CpG CMV promoter in
the context of an unmodified, CpG-replete backbone is more
persistent than from a completely unmodified vector, expres-
sion is less persistent than when the non-CpG promoter is in
the context of the extensively CpG-depleted backbone [52].
These results suggest that the CpG motifs in the vector
backbone negatively affect extended transgene expression.

Extensive studies by M Kay and colleagues demonstrate
that the bacterial DNA backbone is responsible for silencing
of the vector [78,89]. They separated the transgene-containing
expression cassette from the bacterial DNA backbone by
restriction endonuclease digestion. These linearised DNA
molecules exhibited significantly higher levels of extended
transgene expression (10- to 100-fold increase in α1-anti-
trypsin levels compared with closed circular DNA) when
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Figure. 3. Effect of CpG-depletion and linearisation of a
plasmid DNA vector on the duration of transgene
expression. BALB/c mice were injected hydrodynamically with
supercoiled (circles) or linear (squares) pCFA-HFIX (open symbols),
a CpG-replete CMV promoter vector expressing human Factor IX,
or pGZB-sHFIX (filled symbols), a CpG-reduced version of pCFA-
HFIX (see Figure 1). Plasma was collected at different time points
and assayed for Factor IX. CpG-depletion and linearisation
independently increase expression persistence. Reprinted from
HODGES BL, TAYLOR KM, JOSEPH MF, BOURGEOIS SA,
SCHEULE RK: Long-term transgene expression from plasmid DNA
gene therapy vectors is negatively affected by CpG dinucleotides.
Molecular Therapy (2004) 10(2):269-278, Copyright © (2004),
with permission from Elsevier [86].
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injected hydrodynamically into the liver [78]. The linearised
DNAs were found to form large, unintegrated concatamers.
Additional studies confirmed that the covalent linkage of the
bacterial DNA backbone to the expression cassette was the
critical determinant for silencing [89]. Methylation of the
CpGs in the backbone is the favoured theory for inactivating
expression. Kass et al. [66] methylated discrete regions of
sequence within a given plasmid and showed that these meth-
ylated patches within non-promoter sequences led to tran-
scriptional inhibition. They propose that an inactive
chromatin structure spreads from these methylated patches.
The results with the pGZB vectors could also be explained
using this theory, as pGZB has potentially fewer available sites
in the backbone to be methylated. Although there is some evi-
dence of de novo methylation occurring in transfected cells,
additional in vivo studies are needed to examine the methy-
lation state of plasmid DNA in tissues over time. Other
unknowns are the chromatin structure, condensation state,
and involvement of methylated CpG binding proteins with
the transduced plasmid DNAs.

8. Non-CpG responses to non-viral 
gene delivery

Although one may hope that a minimal, CpG-free plasmid
DNA vector will be the panacea for non-viral gene delivery,
the data indicate that such a vector will not eliminate all the
toxic responses, at least when administered as a cationic lipid–
DNA complex. Studies conducted in transgenic mice lacking
TLR9 have delineated the extent to which toxicity can be
reduced in the complete absence of TLR9-mediated signal-
ling. TLR9-/- mice injected intravenously with cationic lipid–
DNA complex exhibit a greatly reduced acute inflammatory
response, with minimal to no induction of TNF-α, IL-1,
IL-12, RANTES and IFN-γ [90]. The TLR9-/- mice also have
significantly decreased levels of liver transaminases compared
with wild-type mice. Perhaps most importantly, these mice
display an improved tolerance to higher doses of complex, and
survive at doses that are lethal in normal mice [90].

However, a pronounced loss of lymphocytes and platelets is
observed in TLR9-/- mice that received complex, indicating
that not all the toxic responses have been eliminated. A few
cytokines, such as granulocyte-colony stimulating factor, con-
tinue to be induced. Although complexes containing non-
CpG oligonucleotides administered into normal mice are well
tolerated, they still induce very high levels of amino alanine
transferase at higher doses [90]. Although single-stranded oli-
gonucleotides are not equivalent to plasmids, one can predict
that a non-CpG plasmid would elicit a similar response. One
possible cause for these non-CpG effects is due to the propen-
sity of cationic lipid–DNA complexes to form aggregates

following exposure to serum, and the engulfment of these
aggregates by various cells, including APCs, may trigger their
activation. Another cause may be the ability of sequences
other than unmethylated CpGs to activate an immune
response. Double-stranded DNA has been reported to induce
MHC class I expression irrespective of the DNA sequence;
and there appear to be CpG-independent pathways for acti-
vating B cells and neutrophils [91-93]. A better understanding
of these non-CpG responses will be necessary to fully solve
the problem of cationic lipid–DNA-mediated toxicity.

9. Expert opinion and conclusion

The problems posed by immunostimulatory CpGs become
apparent as one uses increasing doses of non-viral vectors
in vivo to achieve therapeutic levels of transgene expression.
These higher doses are necessitated by the inefficiency of cur-
rent non-viral systems, as only a small fraction of the input
DNA is translocated into nuclei and actively transcribed.
The innate immune system recognises and responds to the
presence of this mass of prokaryotic DNA by activating
TLR9 and initiating an acute inflammatory response. CpG-
depleted vectors can eliminate most, but not all, of the acute
toxicities observed after intrapulmonary or intravenous
administration of cationic lipid–DNA complexes. In addi-
tion, the vectors exhibit greatly increased persistence of
expression through an unknown mechanism, which may
involve preventing methylation and formation of an inactive
chromatin configuration.

There are now no perceived technical obstacles to creating
minimal-sized, CpG-reduced or totally non-CpG plasmid
DNA vectors consisting only of an expression cassette without
any bacterial sequences. With some developmental effort
these vectors could be produced in large amounts, and their
several advantageous features should eventually lead to their
widespread use, replacing existing conventional plasmid vec-
tors. Minor challenges will remain, such as creating robust,
non-CpG, tissue-specific promoters and enhancers, which
will be important for reducing presentation of an antigenic
transgene product to the immune system, and in turn reduc-
ing the antibody response [94]. However, increasing the effi-
ciency of delivering these improved vectors is paramount.
Given the inherent toxicity of conventional cationic lipid–
DNA complexes, either novel delivery agents or naked DNA
delivery may be the solution. Pressure-mediated delivery or
catheter-delivery methods are being developed to transduce
naked DNA into tissues with minimal toxicity [95-97].
Although many aspects of CpG signalling remain unknown,
improved delivery methods and use of non-CpG vectors
should largely negate the impact of immunostimulatory CpG
motifs on non-viral gene delivery systems.



Reducing the immunostimulatory activity of CpG-containing plasmid DNA vectors for non-viral gene therapy

122 Expert Opin. Drug Deliv. (2004) 1(1)

Bibliography
Papers of special note have been highlighted as 
either of interest (•) or of considerable interest 
(••) to readers.

1. ROTHENFUSSER S, TUMA E, 
ENDRES S, HARTMANN G: 
Plasmacytoid dendritic cells: the key to 
CpG. Hum. Immunol. (2002) 
63(12):1111-1119.

2. KLINMAN DM, YI AK, BEAUCAGE SL, 
CONOVER J, KRIEG AM: CpG motifs 
present in bacteria DNA rapidly induce 
lymphocytes to secrete interleukin 6, 
interleukin 12, and interferon gamma. 
Proc. Natl. Acad. Sci. USA (1996) 
93(7):2879-2883.

3. BALLAS ZK, RASMUSSEN WL, 
KRIEG AM: Induction of NK activity in 
murine and human cells by CpG motifs in 
oligodeoxynucleotides and bacterial DNA. 
J. Immunol. (1996) 157(5):1840-1845.

4. KLINMAN DM: Use of CpG 
oligodeoxynucleotides as immunoprotective 
agents. Expert Opin. Biol. Ther. (2004) 
4(6):937-946.

•• Excellent recent review on using CpG 
oligonucleotides to modulate the immune 
response for therapeutic applications.

5. MCCLUSKIE MJ, WEERATNA RD, 
DAVIS HL: The role of CpG in DNA 
vaccines. Springer Semin. Immunopathol. 
(2000) 22(1-2):125-132.

6. KLINMAN DM: Immunotherapeutic uses 
of CpG oligodeoxynucleotides. Nat. Rev. 
Immunol. (2004) 4(4):249-258.

7. KRIEG AM: Antitumor applications of 
stimulating toll-like receptor 9 with CpG 
oligodeoxynucleotides. Curr. Oncol. Rep. 
(2004) 6(2):88-95.

8. YAMAMOTO S, YAMAMOTO T, 
TOKUNAGA T: The discovery of 
immunostimulatory DNA sequence. 
Springer Semin. Immunopathol. (2000) 
22(1-2):11-19.

9. YAMAMOTO S, YAMAMOTO T, 
SHIMADA S et al.: DNA from bacteria, 
but not from vertebrates, induces 
interferons, activates natural killer cells and 
inhibits tumor growth. Microbiol. Immunol. 
(1992) 36(9):983-997.

10. KRIEG AM, YI AK, MATSON S et al.: 
CpG motifs in bacterial DNA trigger direct 
B-cell activation. Nature (1995) 
374(6522):546-549.

11. HARTMANN G, WEINER GJ, 
KRIEG AM: CpG DNA: a potent signal for 

growth, activation, and maturation of 
human dendritic cells. Proc. Natl. Acad. Sci. 
USA (1999) 96(16):9305-9310.

12. STACEY KJ, SESTER DP, SWEET MJ, 
HUME DA: Macrophage activation by 
immunostimulatory DNA. Curr. Top. 
Microbiol. Immunol. (2000) 247:41-58.

13. AKIRA S, TAKEDA K, KAISHO T: 
Toll-like receptors: critical proteins linking 
innate and acquired immunity. 
Nat. Immunol. (2001) 2(8):675-680.

14. ADEREM A, ULEVITCH RJ: Toll-like 
receptors in the induction of the innate 
immune response. Nature (2000) 
406(6797):782-787.

15. DUNZENDORFER S, LEE HK, 
SOLDAU K, TOBIAS PS: TLR4 is the 
signaling but not the lipopolysaccharide 
uptake receptor. J. Immunol. (2004) 
173(2):1166-1170.

16. HAYASHI F, SMITH KD, OZINSKY A 
et al.: The innate immune response to 
bacterial flagellin is mediated by Toll-like 
receptor 5. Nature (2001) 
410(6832):1099-1103.

17. HEMMI H, TAKEUCHI O, KAWAI T 
et al.: A Toll-like receptor recognizes 
bacterial DNA. Nature (2000) 
408(6813):740-745.

• Identifies TLR9 as the receptor that 
recognises unmethylated CpG motfs in 
DNA.

18. LATZ E, SCHOENEMEYER A, 
VISINTIN A et al.: TLR9 signals after 
translocating from the ER to CpG DNA in 
the lysosome. Nat. Immunol. (2004) 
5(2):190-198. Epub 2004 Jan 2011.

• Describes the distinctive mechanism of 
TLR9 activation.

19. CORNELIE S, HOEBEKE J, 
SCHACHT AM et al.: Direct evidence that 
toll-like receptor 9 (TLR9) functionally 
binds plasmid DNA by specific cytosine-
phosphate-guanine motif recognition. 
J. Biol. Chem. (2004) 
279(15):15124-15129. 
Epub 12004 Jan 15120.

20. RUTZ M, METZGER J, GELLERT T 
et al.: Toll-like receptor 9 binds single-
stranded CpG-DNA in a sequence- and 
pH-dependent manner. Eur. J. Immunol. 
(2004) 34(9):2541-2550.

21. AKIRA S, TAKEDA K: Toll-like receptor 
signalling. Nat. Rev. Immunol. (2004) 
4(7):499-511.

• Recent detailed review describing TLR 
signalling pathways.

22. LEADBETTER EA, RIFKIN IR, 
HOHLBAUM AM, BEAUDETTE BC, 
SHLOMCHIK MJ, MARSHAK-
ROTHSTEIN A: Chromatin-IgG 
complexes activate B cells by dual 
engagement of IgM and Toll-like receptors. 
Nature (2002) 416(6881):603-607.

•• Shows important evidence linking TLR9 
and the innate immune system to 
autoimmunity.

23. BOULE MW, BROUGHTON C, 
MACKAY F, AKIRA S, MARSHAK-
ROTHSTEIN A, RIFKIN IR: Toll-like 
receptor 9-dependent and -independent 
dendritic cell activation by chromatin-
immunoglobulin G complexes. J. Exp. Med. 
(2004) 199(12):1631-1640. 
Epub 2004 Jun 1614.

24. VIGLIANTI GA, LAU CM, 
HANLEY TM, MIKO BA, 
SHLOMCHIK MJ, MARSHAK-
ROTHSTEIN A: Activation of 
autoreactive B cells by CpG dsDNA. 
Immunity (2003) 19(6):837-847.

25. KRIEG AM: A role for Toll in 
autoimmunity. Nat. Immunol. (2002) 
3(5):423-424.

26. RICHARDSON B: DNA methylation and 
autoimmune disease. Clin. Immunol. 
(2003) 109(1):72-79.

27. CONANT SB, SWANBORG RH: 
Autoreactive T cells persist in rats protected 
against experimental autoimmune 
encephalomyelitis and can be activated 
through stimulation of innate immunity. 
J. Immunol. (2004) 172(9):5322-5328.

28. SEGAL BM, CHANG JT, SHEVACH EM: 
CpG oligonucleotides are potent adjuvants 
for the activation of autoreactive 
encephalitogenic T cells in vivo. J. Immunol. 
(2000) 164(11):5683-5688.

29. SHAO H, LEI S, SUN SL, XIANG J, 
KAPLAN HJ, SUN D: CpG-containing 
oligodeoxynucleotide 1826 converts the 
weak uveitogenic rat interphotoreceptor 
retinoid-binding protein peptide 1181-
1191 into a strong uveitogen. 
J. Immunol. (2003) 171(9):4780-4785.

30. RUI L, VINUESA CG, BLASIOLI J, 
GOODNOW CC: Resistance to CpG 
DNA-induced autoimmunity through 
tolerogenic B cell antigen receptor ERK 
signaling. Nat. Immunol. (2003) 
4(6):594-600.

31. MOR G, SINGLA M, STEINBERG AD, 
HOFFMAN SL, OKUDA K, 
KLINMAN DM: Do DNA vaccines induce 



Yew & Cheng

Expert Opin. Drug Deliv. (2004) 1(1) 123

autoimmune disease? Hum. Gene Ther. 
(1997) 8(3):293-300.

32. GILKESON GS, GRUDIER JP, 
KAROUNOS DG, PISETSKY DS: 
Induction of anti-double stranded DNA 
antibodies in normal mice by immunization 
with bacterial DNA. J. Immunol. (1989) 
142(5):1482-1486.

33. EPSTEIN JE, CHAROENVIT Y, 
KESTER KE et al.: Safety, tolerability, and 
antibody responses in humans after 
sequential immunization with a PfCSP 
DNA vaccine followed by the recombinant 
protein vaccine RTS,S/AS02A. 
Vaccine (2004) 22(13-14):1592-1603.

34. ADA G, RAMSHAW I: DNA vaccination. 
Expert Opin. Emerg. Drugs (2003) 
8(1):27-35.

35. CONRY RM, CURIEL DT, STRONG TV 
et al.: Safety and immunogenicity of a DNA 
vaccine encoding carcinoembryonic antigen 
and hepatitis B surface antigen in colorectal 
carcinoma patients. Clin. Cancer Res. (2002) 
8(9):2782-2787.

36. WALDNER H, COLLINS M, 
KUCHROO VK: Activation of antigen-
presenting cells by microbial products 
breaks self tolerance and induces 
autoimmune disease. J. Clin. Invest. (2004) 
113(7):990-997.

37. SCHEULE RK, ST GEORGE JA, 
BAGLEY RG et al.: Basis of pulmonary 
toxicity associated with cationic lipid-
mediated gene transfer to the mammalian 
lung. Hum. Gene Ther. (1997) 
8(6):689-707.

38. FREIMARK BD, BLEZINGER HP, 
FLORACK VJ et al.: Cationic lipids 
enhance cytokine and cell influx levels in 
the lung following administration of 
plasmid: cationic lipid complexes. 
J. Immunol. (1998) 160(9):4580-4586.

39. GAUTAM A, DENSMORE CL, 
WALDREP JC: Pulmonary cytokine 
responses associated with PEI-DNA aerosol 
gene therapy. Gene Ther. (2001) 
8(3):254-257.

40. EMERSON M, RENWICK L, TATE S 
et al.: Transfection efficiency and toxicity 
following delivery of naked plasmid DNA 
and cationic lipid-DNA complexes to ovine 
lung segments. Mol. Ther. (2003) 
8(4):646-653.

41. ALTON EW, STERN M, FARLEY R
et al.: Cationic lipid-mediated CFTR gene 
transfer to the lungs and nose of patients 
with cystic fibrosis: a double-blind placebo-

controlled trial. Lancet (1999) 
353(9157):947-954.

42. RUIZ FE, CLANCY JP, PERRICONE MA 
et al.: A clinical inflammatory syndrome 
attributable to aerosolized lipid-DNA 
administration in cystic fibrosis. 
Hum. Gene Ther. (2001) 12(7):751-761.

43. YEW NS, WANG KX, PRZYBYLSKA M 
et al.: Contribution of plasmid DNA to 
inflammation in the lung after 
administration of cationic lipid:pDNA 
complexes. Hum. Gene Ther. (1999) 
10(2):223-234.

44. YEW NS, ZHAO H, WU IH et al.: 
Reduced inflammatory response to plasmid 
DNA vectors by elimination and inhibition 
of immunostimulatory CpG motifs. 
Mol. Ther. (2000) 1(3):255-262.

45. TOUSIGNANT JD, GATES AL, 
INGRAM LA et al.: Comprehensive 
analysis of the acute toxicities induced by 
systemic administration of cationic 
lipid:plasmid DNA complexes in mice. 
Hum. Gene Ther. (2000) 
11(18):2493-2513.

46. DOW SW, FRADKIN LG, LIGGITT DH, 
WILLSON AP, HEATH TD, 
POTTER TA: Lipid-DNA complexes 
induce potent activation of innate immune 
responses and antitumor activity when 
administered intravenously. J. Immunol. 
(1999) 163(3):1552-1561.

47. PLANK C, MECHTLER K, 
SZOKA FC Jr, WAGNER E: Activation of 
the complement system by synthetic DNA 
complexes: a potential barrier for 
intravenous gene delivery. Hum. Gene Ther. 
(1996) 7(12):1437-1446.

48. LI S, WU SP, WHITMORE M et al.: 
Effect of immune response on gene transfer 
to the lung via systemic administration of 
cationic lipidic vectors. Am. J. Physiol. 
(1999) 276(5 Pt 1):L796-L804.

49. LOISEL S, LE GALL C, DOUCET L, 
FEREC C, FLOCH V: Contribution of 
plasmid DNA to hepatotoxicity after 
systemic administration of lipoplexes. 
Hum. Gene Ther. (2001) 12(6):685-696.

50. NORMAN J, DENHAM W, 
DENHAM D et al.: Liposome-mediated, 
nonviral gene transfer induces a systemic 
inflammatory response which can 
exacerbate pre-existing inflammation. 
Gene Ther. (2000) 7(16):1425-1430.

51. TOUSIGNANT JD, ZHAO H, YEW NS, 
CHENG SH, EASTMAN SJ, 
SCHEULE RK: DNA sequences in cationic 

lipid:pDNA-mediated systemic toxicities. 
Hum. Gene Ther. (2003) 14(3):203-214.

52. YEW NS, ZHAO H, PRZYBYLSKA M 
et al.: CpG-depleted plasmid DNA vectors 
with enhanced safety and long-term gene 
expression in vivo. Mol. Ther. (2002) 
5(6):731-738.

53. MCMAHON JM, WELLS KE, 
BAMFO JE, CARTWRIGHT MA, 
WELLS DJ: Inflammatory responses 
following direct injection of plasmid DNA 
into skeletal muscle. Gene Ther. (1998) 
5(9):1283-1290.

54. STAN AC, CASARES S, 
BRUMEANU TD, KLINMAN DM, 
BONA CA: CpG motifs of DNA vaccines 
induce the expression of chemokines and 
MHC class II molecules on myocytes. 
Eur. J. Immunol. (2001) 31(1):301-310.

55. PASQUINI S, DENG H, REDDY S, 
GILES-DAVIS W, ERTL H: The effect of 
CpG sequences on the B cell response to a 
viral glycoprotein encoded by a plasmid 
vector. Gene Ther. (1999) 6(8):1448-1455.

56. BRAUN S, THIOUDELLET C, 
RODRIGUEZ P et al.: Immune rejection 
of human dystrophin following 
intramuscular injections of naked DNA in 
mdx mice. Gene Ther. (2000) 
7(17):1447-1457.

57. KRIEG AM: Direct immunologic activities 
of CpG DNA and implications for gene 
therapy. J. Gene Med. (1999) 1(1):56-63.

58. RENBAUM P, ABRAHAMOVE D, 
FAINSOD A, WILSON GG, ROTTEM S, 
RAZIN A: Cloning, characterization, and 
expression in Escherichia coli of the gene 
coding for the CpG DNA methylase from 
Spiroplasma sp. strain MQ1(M.SssI). 
Nucleic Acids Res. (1990) 
18(5):1145-1152.

59. REYES-SANDOVAL A, ERTL HC: CpG 
methylation of a plasmid vector results in 
extended transgene product expression by 
circumventing induction of immune 
responses. Mol. Ther. (2004) 9(2):249-261.

60. CHEN Y, LENERT P, WEERATNA R 
et al.: Identification of methylated CpG 
motifs as inhibitors of the immune 
stimulatory CpG motifs. Gene Ther. (2001) 
8(13):1024-1032.

61. BOYES J, BIRD A: Repression of genes by 
DNA methylation depends on CpG density 
and promoter strength: evidence for 
involvement of a methyl-CpG binding 
protein. EMBO J. (1992) 11(1):327-333.



Reducing the immunostimulatory activity of CpG-containing plasmid DNA vectors for non-viral gene therapy

124 Expert Opin. Drug Deliv. (2004) 1(1)

62. MUIZNIEKS I, DOERFLER W: The 
impact of 5´-CG-3´ methylation on the 
activity of different eukaryotic promoters: a 
comparative study. FEBS Lett. (1994) 
344(2-3):251-254.

63. KOMURA J, OKADA T, ONO T: 
Repression of transient expression by DNA 
methylation in transcribed regions of 
reporter genes introduced into cultured 
human cells. Biochim. Biophys. Acta (1995) 
1260(1):73-78.

64. PICHON B, CHRISTOPHE-
HOBERTUS C, VASSART G, 
CHRISTOPHE D: Unmethylated 
thyroglobulin promoter may be repressed by 
methylation of flanking DNA sequences. 
Biochem. J. (1994) 298(3):537-541.

65. HUG M, SILKE J, GEORGIEV O, 
RUSCONI S, SCHAFFNER W, 
MATSUO K: Transcriptional repression by 
methylation: cooperativity between a CpG 
cluster in the promoter and remote 
CpG-rich regions. FEBS Lett. (1996) 
379(3):251-254.

66. KASS SU, GODDARD JP, ADAMS RL: 
Inactive chromatin spreads from a focus of 
methylation. Mol. Cell. Biol. (1993) 
13(12):7372-7379.

67. KRIEG AM, WU T, WEERATNA R et al.: 
Sequence motifs in adenoviral DNA block 
immune activation by stimulatory CpG 
motifs. Proc. Natl. Acad. Sci. USA (1998) 
95(21):12631-12636.

• Provides first evidence for the existence of 
neutralising sequence motifs.

68. YAMADA H, GURSEL I, TAKESHITA F 
et al.: Effect of suppressive DNA on 
CpG-induced immune activation. 
J. Immunol. (2002) 169(10):5590-5594.

69. ZHAO H, CHENG SH, YEW NS: 
Requirements for effective inhibition of 
immunostimulatory CpG motifs by 
neutralizing motifs. Antisense Nucleic Acid 
Drug Dev. (2000) 10(5):381-389.

70. GURSEL I, GURSEL M, YAMADA H, 
ISHII KJ, TAKESHITA F, 
KLINMAN DM: Repetitive elements in 
mammalian telomeres suppress bacterial 
DNA-induced immune activation. 
J. Immunol. (2003) 171(3):1393-1400.

• Identifies a suppressive motif in telomeres 
and the importance of G-tetrad formation.

71. STACEY KJ, YOUNG GR, CLARK F 
et al.: The molecular basis for the lack of 
immunostimulatory activity of vertebrate 
DNA. J. Immunol. (2003) 
170(7):3614-3620.

72. BOSHART M, WEBER F, JAHN G, 
DORSCH-HASLER K, 
FLECKENSTEIN B, SCHAFFNER W: A 
very strong enhancer is located upstream of 
an immediate early gene of human 
cytomegalovirus. Cell (1985) 
41(2):521-530.

73. DORSCH-HASLER K, KEIL GM, 
WEBER F, JASIN M, SCHAFFNER W, 
KOSZINOWSKI UH: A long and complex 
enhancer activates transcription of the gene 
coding for the highly abundant immediate 
early mRNA in murine cytomegalovirus. 
Proc. Natl. Acad. Sci. USA (1985) 
82(24):8325-8329.

74. DAVISON J: Mechanism of control of 
DNA replication and incompatibility in 
ColE1-type plasmids-a review. 
Gene (1984) 28(1):1-15.

75. TOMIZAWA JI, ITOH T: The importance 
of RNA secondary structure in CoIE1 
primer formation. Cell (1982) 
31(3 Pt 2):575-583.

76. WU F, LEVCHENKO I, 
FILUTOWICZ M: A DNA segment 
conferring stable maintenance on R6K 
gamma-origin core replicons. J. Bacteriol. 
(1995) 177(22):6338-6345.

77. HOFMAN CR, DILEO JP, LI Z, LI S, 
HUANG L: Efficient in vivo gene transfer 
by PCR amplified fragment with reduced 
inflammatory activity. Gene Ther. (2001) 
8(1):71-74.

78. CHEN ZY, YANT SR, HE CY, MEUSE L, 
SHEN S, KAY MA: Linear DNAs 
concatemerize in vivo and result in 
sustained transgene expression in mouse 
liver. Mol. Ther. (2001) 3(3):403-410.

79. SCHAKOWSKI F, GORSCHLUTER M, 
JUNGHANS C et al.: A novel minimal-size 
vector (MIDGE) improves transgene 
expression in colon carcinoma cells and 
avoids transfection of undesired DNA. 
Mol. Ther. (2001) 3(5 Pt 1):793-800.

80. DARQUET AM, CAMERON B, WILS P, 
SCHERMAN D, CROUZET J: A new 
DNA vehicle for nonviral gene delivery: 
supercoiled minicircle. Gene Ther. (1997) 
4(12):1341-1349.

81. DARQUET AM, RANGARA R, 
KREISS P et al.: Minicircle: an improved 
DNA molecule for in vitro and in vivo gene 
transfer. Gene Ther. (1999) 6(2):209-218.

82. BIGGER BW, TOLMACHOV O, 
COLLOMBET JM, FRAGKOS M, 
PALASZEWSKI I, COUTELLE C: 
An araC-controlled bacterial cre expression 

system to produce DNA minicircle vectors 
for nuclear and mitochondrial gene therapy. 
J. Biol. Chem. (2001) 
276(25):23018-23027. 
Epub 22001 Apr 23013.

83. CHEN ZY, HE CY, EHRHARDT A, 
KAY MA: Minicircle DNA vectors devoid 
of bacterial DNA result in persistent and 
high-level transgene expression in vivo. 
Mol. Ther. (2003) 8(3):495-500.

84. CHEN Z-Y, HE C-Y, KAY MA: 
Development of a one-step column 
purification of minicircle vector DNA 
devoid of bacterial sequences that results in 
high level persistent transgene expression in 
vivo. Seventh Annual Meeting of the 
American Society of Gene Therapy. 
Minneapolis, MN, USA (2004).

85. PRZYBYLSKA M, WU IH, ZHAO H 
et al.: Partial correction of the alpha-
galactosidase A deficiency and reduction of 
glycolipid storage in Fabry mice using 
synthetic vectors. J. Gene Med. (2004) 
6(1):85-92.

86. HODGES BL, TAYLOR KM, 
JOSEPH MF, BOURGEOIS SA, 
SCHEULE RK: Long-term transgene 
expression from plasmid dna gene ther. 
vectors is negatively affected by CpG 
dinucleotides. Mol. Ther. (2004) 
10(2):269-278.

87. LOSER P, JENNINGS GS, STRAUSS M, 
SANDIG V: Reactivation of the previously 
silenced cytomegalovirus major immediate-
early promoter in the mouse liver: 
involvement of NFkappaB. 
J. Virol. (1998) 72(1):180-190.

88. BROOKS AR, HARKINS RN, WANG P, 
QIAN HS, LIU P, RUBANYI GM: 
Transcriptional silencing is associated with 
extensive methylation of the CMV 
promoter following adenoviral gene delivery 
to muscle. J. Gene Med. (2004) 
6(4):395-404.

89. CHEN ZY, HE CY, MEUSE L, KAY MA: 
Silencing of episomal transgene expression 
by plasmid bacterial DNA elements in vivo. 
Gene Ther. (2004) 11(10):856-864.

• Shows the inhibitory effect of vector 
backbone sequences on expression.

90. ZHAO H, HEMMI H, AKIRA S, 
CHENG SH, SCHEULE RK, YEW NS: 
Contribution of toll-like receptor 9 
signaling to the acute inflammatory 
response to nonviral vectors. 
Mol. Ther. (2004) 9(2):241-248.

91. SUZUKI K, MORI A, ISHII KJ et al.: 
Activation of target-tissue immune-



Yew & Cheng

Expert Opin. Drug Deliv. (2004) 1(1) 125

recognition molecules by double- stranded 
polynucleotides. Proc. Natl. Acad. Sci. USA 
(1999) 96(5):2285-2290.

92. WANG Y, KRIEG AM: Synergy between 
CpG- or non-CpG DNA and specific 
antigen for B cell activation. 
Int. Immunol. (2003) 15(2):223-231.

93. TREVANI AS, CHORNY A, 
SALAMONE G et al.: Bacterial DNA 
activates human neutrophils by a 
CpG-independent pathway. Eur. J. 
Immunol. (2003) 33(11):3164-3174.

94. WEERATNA RD, WU T, EFLER SM, 
ZHANG L, DAVIS HL: Designing gene 
therapy vectors: avoiding immune responses 

by using tissue-specific promoters. 
Gene Ther. (2001) 8(24):1872-1878.

95. ZHANG G, BUDKER V, WILLIAMS P, 
SUBBOTIN V, WOLFF JA: Efficient 
expression of naked DNA delivered 
intraarterially to limb muscles of nonhuman 
primates. Hum. Gene Ther. (2001) 
12(4):427-438.

96. HERWEIJER H, WOLFF JA: Progress and 
prospects: naked DNA gene transfer and 
therapy. Gene Ther. (2003) 10(6):453-458.

97. EASTMAN SJ, BASKIN KM, 
HODGES BL et al.: Development of 
catheter-based procedures for transducing 
the isolated rabbit liver with plasmid DNA. 

Hum. Gene Ther. (2002) 
13(17):2065-2077.

Websites

101. http://www.invivogen.com/CpG/
CpG_overview.htm
Company website (2004).

Affiliation
Nelson S Yew PhD† & Seng H Cheng PhD
†Author for correspondence
Genzyme Corporation, 31 New York Avenue, 
Framingham, MA 01701-9322, USA
Tel: +1 508 270 2414; Fax: +1 508 872 4091;
E-mail: Nelson.Yew@genzyme.com


	1. Introduction
	2. CpG and autoimmunity
	3. Role of CpG motifs in the toxicity of cationic lipid–DNA complexes
	4. CpG-mediated toxicity from naked DNA vectors
	5. Modifying and eliminating CpG motifs from plasmid DNA vectors
	6. Minimal plasmid vectors
	7. Duration of transgene expression from CpG-depleted vectors
	8. Non-CpG responses to non-viral gene delivery
	9. Expert opinion and conclusion

