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An inflammatory response is invariably associated with administration of gene transfer complexes
composed of cationic lipids and plasmid DNA (pDNA). In the lung, an influx of neutrophils and
elevated levels of several proinflammatory cytokines such as TNF-a, IFN-g, IL-6, and IL-12 charac-
terize this dose-dependent response. The induction of these cytokines was shown previously to be
due in part to the presence of unmethylated CpG dinucleotides in the bacterially derived pDNA. We
have eliminated 270 of 526 CpG dinucleotides in a reporter plasmid (pCFA-CAT) and tested the
inflammatory response to cationic lipid:pDNA complexes containing the modified vector (pGZA-
CAT) after intravenous (iv) or intranasal (i.n.) delivery into BALB/c mice. Compared to the unmod-
ified vector, the CpG-reduced pGZA-CAT was found to be significantly less immunostimulatory, as
the levels of IL-12, IFN-g, and IL-6 in the serum 24 h after iv delivery were reduced by 40 to 75%.
Similar reductions in cytokine levels were also observed in the bronchoalveolar lavage fluids (BALF)
after i.n. administration, while the levels of reporter gene expression were not affected by the
modifications. We have also investigated known inhibitors of the CpG signaling pathways in order
to decrease the inflammatory response. Two such inhibitors, chloroquine and quinacrine, greatly
reduced the induction of IL-12 from mouse spleen cells in vitro and inhibited cytokine production
in the lung by approximately 50% without affecting gene expression. These results illustrate that
use of a less immunostimulatory pDNA vector or inhibitors of CpG immunostimulation can reduce
significantly the toxicity associated with cationic lipid:pDNA complexes thereby increasing the
therapeutic index of this synthetic gene transfer vector.

Key Words: CpG; immunostimulatory activity; cationic lipid; plasmid DNA; gene transfer; intrave-
nous delivery; intranasal delivery.
INTRODUCTION

The discovery that bacterial DNA is recognized as foreign
in vertebrate cells has profound implications for gene
therapy approaches employing plasmid DNA (pDNA) vec-
tors (1–3). Bacterial DNA activates several immune cell
types, including B cells, macrophages, dendritic cells, and
natural killer cells (4–8). Likewise, bacterially derived
pDNA elicits a potent immune response, inducing the
secretion of several proinflammatory cytokines when de-
livered into mouse tissues either intranasally (i.n.) or in-
travenously (iv) using cationic lipids (9–12). Plasmid DNA
also induces widespread inflammation when injected di-
rectly into skeletal muscle (13). These effects have rami-
fications for use in humans as highlighted by the recent

1 To whom correspondence should be addressed. Fax: 508-872-4091.
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observation of a transient but not insignificant inflamma-
tory response, which included fever, myalgia, and a re-
duction in pulmonary function in cystic fibrosis (CF) sub-
jects that received aerosolized cationic lipid:pDNA
complexes (14). These symptoms were more severe and
occurred at a greater frequency in CF subjects that re-
ceived aerosolized cationic lipid:pDNA complexes than in
the group that received cationic liposomes alone, suggest-
ing an involvement of the pDNA component. Such an
adverse response is clearly undesirable and the develop-
ment of strategies to abate this inflammatory response is
warranted, particularly for the long-term treatment of
chronic diseases such as CF.

The immunostimulatory response observed in mamma-
lian cells has been shown to arise in part from the recog-
nition of the unmethylated CpG dinucleotides present in
bacterial DNA or pDNA (5). Mammalian DNA differs from

bacterial DNA in that the frequency of CpG dinucleotides
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is severely suppressed compared to that of bacterial DNA
and most of the CpG sequences are methylated (15).
Nucleotides immediately flanking the CpG dinucleotides
strongly influence this immunostimulatory activity; e.g.,
GACGTT is particularly immunostimulatory in mouse
cells (1). Furthermore, these effects of bacterial DNA and
immunostimulatory CpG oligonucleotides are evident
not only in murine but also in human immune cells (7,
16, 17).

Several strategies could be employed to decrease the
immunostimulatory properties of pDNA. One approach is
to make the DNA more mammalian-like by either meth-
ylating (5) or eliminating immunostimulatory CpG se-
quences. While the in vitro methylation of all the CpG

inucleotides within a given pDNA has been shown to
ignificantly decrease cytokine induction, it also severely
nhibits transgene expression and so would not be a via-
le solution (12, 18). For this reason, our primary ap-
roach here is directed at reducing the frequency of these

nflammatory motifs in the pDNA either by eliminating
onessential regions within the plasmid backbone (e.g.,
equences flanking the origin of replication) or by site-
irected mutagenesis (particularly of the coding sequenc-
s). Where possible, we also generated synthetic frag-
ents that were devoid of CpG sequences to reduce the

verall immunostimulatory profile of the pDNA. Modi-
ed pDNA vectors harboring reduced numbers of immu-
ostimulatory CpG motifs were then evaluated following
ulmonary and systemic delivery into mice.
Yet another strategy to reduce the immunostimulatory

roperties of the pDNA vector is to use specific inhibitors of
he CpG signaling pathway. Endocytic uptake of DNA into
n acidified intracellular compartment is the first required
tep in the pathway. Inhibitors of endosomal acidification
uch as monensin, bafilomycin, chloroquine, and quina-
rine have been shown to block CpG-induced cytokine in-
uction by leukocytes in vitro (19, 20). Here we evaluated the
bility of chloroquine and quinacrine to inhibit the induc-
ion of cytokines that result from instilling cationic lipid:
DNA complexes into the mouse lung.

MATERIALS AND METHODS

Mouse spleen cells. Six- to eight-week-old female BALB/c mice were sacri-
ficed by cervical dislocation. Spleens were excised and placed in sterile
phosphate-buffered saline (PBS) on ice. To prepare single-cell suspensions,
the spleens were placed in a tissue culture dish in PBS and crushed between
the frosted edges of two sterile microscope slides. Cells were pelleted by
centrifugation at 1200 rpm for 8 min and then washed three times in PBS.
After the final wash, the cells were resuspended in RPMI 1640 medium
supplemented with 25 mM Hepes buffer (Gibco BRL, Gaithersburg, MD),
10% (v/v) fetal bovine serum, 2 mM L-glutamine, and 50 mM 2-mercapto-
thanol. The resuspended cells were then plated at 6 3 106 cells/ml/well in

24-well culture plates and incubated at 37°C. Supernatants were collected
24 h after adding DNA fragments or pDNA to measure cytokine produc-
tion.

Site-directed mutagenesis and DNA fragment amplification. Site-directed
mutagenesis was performed using the Quick-Change mutagenesis kit
(Stratagene, La Jolla, CA) according to the protocol supplied by the man-
ufacturer. Either the cytosine or guanine within the CpG dinucleotide was
mutated, avoiding alterations to the coding sequence. All mutations were
verified by DNA sequencing.
256
Plasmid DNA fragments were amplified by polymerase chain reaction
(PCR) from 10 ng of pDNA with Taq I polymerase (94°C for 30 s, 55°C for
30 s, 72°C for 30 s, 35 cycles) using primers specific for the different regions
of the plasmid. The reactions were then centrifuged through an Ultra-free
Probind column (Millipore Corp., Bedford, MA) for 1 min at 14,000 rpm.
DNA concentration was quantitated by UV spectrophotometry and aga-
rose gel electrophoresis.

Plasmid vector construction. The plasmid vector pCFA-CAT has been de-
scribed previously (12). A 2596-bp SphI fragment from pCFA-CAT contain-
ng the aminoglycoside 39-phosphotransferase gene (kanamycin resistance
ene) and the origin of replication was isolated and ligated to itself to form
Ori-K. To construct the CpG-reduced plasmids, a 957-bp fragment en-
oding the kanamycin resistance gene and a 703-bp fragment encoding
he Escherichia coli chloramphenicol acetyltransferase (CAT) gene were
ynthesized by Operon Technologies (Alameda, CA), by assembly of over-
apping oligonucleotides using a protocol proprietary to the manufacturer.
he synthetic kanamycin resistance gene was designed such that the
odons containing CpG dinucleotides were changed to contain a non-
pG sequence but without altering the encoded amino acid. In instances
here there was a choice of alternate codons, the most frequently used of

he alternate codons was chosen based on a codon usage table for gram-
egative bacteria (21). A similar procedure was followed to design the
ynthetic CAT reporter gene, except that when choosing alternate codons
codon usage table for highly expressed human genes was used (22). A

40-bp fragment encompassing a minimal origin of replication was am-
lified by PCR from pCFA-CAT. This region extends 128 bp 59 and 613 bp
9 relative to the replication origin [nucleotides 738 to 1477 of pUC19
23)]. The synthetic kanamycin resistance gene and the origin of replica-
ion were ligated to form pOri-K-syn. To construct pGZA-CAT, the CAT
ene from pCFA-CAT was first replaced with the synthetic CAT gene. From
his construct a 2.1-kb SphI fragment containing the CMV promoter,
ntron, synthetic CAT, and bovine growth hormone polyadenylation sig-
al sequence was isolated and ligated to pOri-K-syn to form pGZA-CAT.

Cationic lipids and plasmid DNA. The cationic lipid GL-67 has been
escribed previously (24). Cationic lipid GL-62, a cholesteryl carbamoyl
permine, is the free base form of GL-37 (24). The cationic lipids GL-67 and
L-62 were formulated with the neutral lipid dioleoylphosphatidyleth-

nolamine (DOPE) at molar ratios of 1:2 and 1:1, respectively (24). Fol-
owing fermentation, pDNAs were purified by ultrafiltration and sequen-
ial column chromatography (12) or by using Endo-free plasmid
urification kits (Qiagen Inc., Valencia, CA) according to the protocol
upplied by the manufacturer. The purified preparations contained less
han 5 endotoxin units/mg of pDNA as determined by a chromogenic
imulus amebocyte lysate assay (BioWhittaker, Walkersville, MD). They
ere also determined to be essentially free of contaminating RNA and to

ontain less than 10 mg protein/mg pDNA and less than 10 mg bacterial
hromosomal DNA/mg pDNA.

Administration of cationic lipid:pDNA complexes into mice. For systemic
elivery, cationic lipid:pDNA complexes were formed by mixing equal
olumes of GL-62:DOPE (molar ratio of 1:1) with pDNA as described
reviously (24) to a final concentration of 0.5:0.5 mM (GL-62:pDNA). The
NA concentration is expressed in terms of nucleotides, using an average
ucleotide molecular weight of 330 Daltons. BALB/c mice were injected
ia the tail vein with 100 ml of complex and serum was collected 24 h
ostinjection for analysis.
For delivery into the lung, 100 ml of a complex of GL-67:pDNA (0.3:1.8
M) was instilled intranasally into anesthetized BALB/c mice as described

9, 24). The animals were euthanized and their lungs were lavaged with
BS 24 h postinstillation. The recovered bronchoalveolar lavage fluid
BALF) was centrifuged at 1500 rpm for 4 min, and the resulting superna-
ants were removed and frozen at 280°C for subsequent cytokine analysis.

Cytokine and CAT activity assays. Cytokine levels (IL-6, IL-12, IFN-g, and
NF-a) were quantitated using enzyme-linked immunosorbent assay (ELISA)
its as specified by the manufacturer (Genzyme Corp., Cambridge, MA; and R

D Systems, Minneapolis, MN). Our procedures for processing the lung
issues and assay of CAT enzymatic activity have been described elsewhere (24).

For all the in vitro and in vivo studies, each experiment was repeated
ndependently from two to four times, using different preparations of PCR
ragments, cationic lipid, and/or DNA, with results similar to those de-
icted in the figures.
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RESULTS

Reducing the Number of CpG Motifs in the pDNA
Vectors

The plasmid expression vector pCFA-CAT contains the
enhancer and promoter from the immediate early gene of
cytomegalovirus, an intron, the E. coli CAT reporter gene,
the bovine growth hormone polyadenylation signal, a
pMB1 replication origin region, and a kanamycin resis-
tance gene. This vector contains 526 CpG dinucleotides
(Table 1), counting the sites in both strands of the plas-
mid. To reduce the frequency of these motifs in pCFA-
CAT, site-directed mutagenesis was first performed on the
CpG sites within the replication origin region, which
contains the largest number of these sites. Initially only 8
of 160 CpG sites were successfully eliminated within the
replication origin region, as many of the attempted mu-
tations apparently destroyed replicative function. To
compare their relative immunostimulatory activity, frag-
ments encompassing the unmodified (ori) and mutated
(ori-mut) replication origin region were amplified by PCR,
and then equal amounts of each purified fragment were
added to mouse spleen cells. The levels of IL-12 secreted
into the cell culture supernatant were measured 24 h later.
The unmodified replication origin region (ori) induced
high levels of IL-12 (Fig. 1), consistent with the known
immunostimulatory activity of E. coli-derived DNA. Inter-
estingly, despite the small number of changes, the mu-
tated replication origin region (ori-mut) containing eight
fewer CpG motifs induced less IL-12 compared to the
unmodified origin (Fig. 1). Similar results also were ob-
served for the cytokines IL-6 and IFN-g (data not shown).

As an alternate approach to site-directed mutagenesis of
he CpG sites within the replication origin region, we
ought to define the minimal fragment that could still

TABLE 1

Number of CpG Motifs in Unmodified and
Mutated DNA Fragments

Plasmid sequencesa Number of CpGs Length (bp)

ori 160 1276
ori-mut 152 1276
ori-min 96 740
kan 116 1252
kan-mut 84 1252
kan-syn 0 957
CAT 80 809
CAT-syn 2 703
Intron 80 734
CMV 74 607
pOri-K 288 2596
pOri-K-syn 96 1735
pCFA-CAT 526 4739
pGZA-CAT 256 3788

a Descriptions of the sequences are in the legends to Figs. 1 and 2.
MOLECULAR THERAPY Vol. 1, No. 3, March 2000
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etain replication function. Previous studies have shown
hat the minimal region required for ColE1 pDNA repli-
ation encompasses the origin and the upstream region
ncoding the RNA II primer (25). A 740-bp fragment of
CFA-CAT containing this minimal region was amplified
y PCR, and when inserted into a plasmid was found to be
ully competent for replication (data not shown). This
pproach decreased the size of the replication origin re-
ion by 536 bp and eliminated 65 CpG motifs. When
ested on mouse spleen cells, this shortened replication
egion (ori-min) induced levels of IL-12 similar to that of
he mutated origin (Fig. 1).

The region containing the second highest number of
pG sites was the kanamycin resistance gene. Thirty-two
f the 116 CpG sites present within this region were
liminated by site-directed mutagenesis of the cytosine to
hymine or the guanine to adenine. The mutations were
esigned so as not to alter the coding sequence by taking
dvantage of the degeneracy of amino acid codons. Frag-
ents encompassing the unmodified (kan) and mutated

kan-mut) gene were amplified by PCR and then added to
ouse spleen cells. The mutated kanamycin resistance

ene (kan-mut) induced approximately 50% less IL-12
rom the mouse spleen cells compared to the unmodified
ene (Fig. 1). These results, along with those of the mu-
ated and minimal origin, indicate that the strategy of
educing the CpG content within a given region can
ffectively reduce immunostimulatory activity in vitro.
It was deemed impractical to attempt to eliminate the

emaining 84 CpG sites within the kanamycin resistance
ene by mutagenesis, so instead the gene was synthesized
y PCR-mediated assembly of several overlapping oligo-
ucleotides. The sequence was designed to eliminate all
pG dinucleotides without altering the amino acid se-
uence by extensively substituting codons and pairs of
eighboring codons containing CpG sites. A synthetic
57-bp fragment containing no CpG sites (kan-syn) was

FIG. 1. Induction of IL-12 from mouse spleen cells by unmodified and
mutated DNA fragments of pCFA-CAT. Fragments were amplified by PCR and
then 1 mg of each fragment was added to mouse spleen cells and the medium
collected 24 h later. IL-12 levels were assayed by ELISA. Vehicle is water. ori,
replication origin region; ori-mut, mutated origin; ori-min, minimal origin;
kan, kanamycin resistance gene; kan-mut, mutated kanamycin resistance
gene; kan-syn, synthetic kanamycin resistance gene; CMV, human cytomeg-
alovirus enhancer–promoter; CAT, chloramphenicol acetyltransferase gene;
CAT-syn, synthetic chloramphenicol acetyltransferase gene. n 5 3 wells per
ragment. Data are expressed as means 6 SEM.
257
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generated that retained the ability to confer kanamycin
resistance. A 703-bp fragment encoding the CAT reporter
gene was synthesized in a similar fashion, eliminating 78
of 80 CpG sites (CAT-syn). This synthetic CAT gene re-
tained full functional enzymatic activity (data not
shown). When tested on mouse spleen cells, these CpG-
deficient fragments (kan-syn and CAT-syn) were essen-
tially non-immunostimulatory, giving levels of IL-12
equal to that of the vehicle control (Fig. 1). These results
illustrate that when the strategy of reducing CpG content
is taken to its fullest extent, large DNA fragments can be
made completely non-immunostimulatory by the elimi-
nation of all or nearly all CpG sites.

Immunostimulatory Activity of the CpG-Reduced
pDNA Vectors in Vitro and in Vivo

We next tested the immunostimulatory activity of
pDNAs composed of these fragments containing reduced
numbers of CpG sites. The synthetic kanamycin resis-
tance gene and the minimal replication origin region
were first ligated together to form pOri-K-syn. This plas-
mid contains 96 CpG sites compared to 288 CpG sites in
the plasmid pOri-K which comprised the unmutated
kanamycin resistance gene and unmodified origin of rep-
lication (Table 1). These plasmids were added to mouse
spleen cells in vitro and the levels of IL-12 in the superna-
tant were measured 24 h later. The levels of IL-12 induced
by pOri-K-syn were significantly reduced, representing
only approximately one-third of the levels induced by the
unmodified pOri-K (Fig. 2).

The pOri-K-syn was then used to reassemble a modified
low CpG form of pCFA-CAT. The CMV enhancer–prom-
oter was left unaltered because of concerns that mutations
within this region would decrease promoter activity. The
intron and polyadenylation signal sequence were also
unchanged, but these regions were found to be only
weakly immunostimulatory when tested on mouse spleen

FIG. 2. IL-12 induction from mouse spleen cells by unmodified and mutated
pDNA vectors. Plasmid DNA (1 mg) was added to mouse spleen cells and the

edium collected 24 h later. IL-12 levels were assayed by ELISA. Vehicle is
ater. pOri-K is a vector containing the origin of replication and the gene for

anamycin resistance. pOri-K-syn is a mutant form of pOri-K with a reduced
umber (96) of CpG dinucleotides. pCFA-CAT and pGZA-CAT are similar
xcept that the latter contains 270 fewer CpG motifs. n 5 3 wells per group.
ata are expressed as means 6 SEM.
258
cells (Fig. 1). The synthetic CAT gene was used in place of
the unmodified CAT gene. The final reassembled vector
pGZA-CAT contained 256 CpG sites compared to 526 sites
in pCFA-CAT. When tested on mouse spleen cells the
levels of IL-12 were only approximately 40% of the levels
induced by the unmodified pCFA-CAT (Fig. 2). Hence, by
eliminating greater than half of the CpG motifs in pCFA-
CAT, a significant reduction in the in vitro immunostimu-
latory activity of the pDNA was achieved.

To assess the immunostimulatory activity of pGZA-CAT
in vivo, the vector was complexed with cationic lipid
GL-62 and then injected intravenously via the tail vein
into BALB/c mice. Serum was collected 24 h postinjection
and the cytokine levels were measured by ELISA. Mice
that received liposomes alone did not elicit production of
proinflammatory cytokines (data not shown) as was ob-
served previously. This is congruent with the notion that
most of the inflammatory response is mediated by the
bacterially derived pDNA. Mice administered GL-62:
pCFA-CAT complexes induced high levels of the inflam-
matory cytokines IFN-g, IL-12, and IL-6 (Fig. 3). In con-
trast, the levels of cytokines in the serum after injection of
GL-62:pGZA-CAT complexes were decreased significantly
compared to the levels induced by GL-62:pCFA-CAT com-
plexes. Figure 3 shows that the levels of IL-12, IFN-g, and
IL-6 were reduced 43, 81, and 78%, respectively. Impor-
tantly, the expression level of CAT was not decreased by
the modifications. Indeed, there was an apparent twofold
increase in expression from pGZA-CAT compared to
pCFA-CAT. Transfection studies in vitro indicated that
part of this increase was due to the use of codons optimal
for expression in mammalian cells in the synthetic CAT

FIG. 3. Cytokine levels in serum and CAT expression in the lungs after
intravenous administration of unmodified and mutated pDNA vectors. One
hundred microliters of GL-62:pDNA (0.5:0.5 mM) complexes was injected via
the tail vein into BALB/c mice. Serum was collected 24 h postinjection and
IFN-g, IL-12, and IL-6 levels were assayed by ELISA. CAT levels in the lung
homogenates were also assayed at 24 h posttreatment. L, cationic lipid GL-62.
Vehicle is water. n 5 4 mice per group. Data are expressed as means 6 SEM.
MOLECULAR THERAPY Vol. 1, No. 3, March 2000
Copyright © The American Society of Gene Therapy



t
T
i
r
q
i
a
c
a
s
p

c
t
B
f
o
t
m

t
m
a
w

ARTICLE

C

gene (data not shown). The decreased cytokine levels may
also have had a positive effect on promoter activity.

The pGZA-CAT vector was also complexed with cat-
ionic lipid GL-67 and then instilled intranasally into the
lungs of BALB/c mice. Bronchoalveolar lavage fluid was
collected 24 h postinjection, and the levels of cytokines
were measured by ELISA. Compared to the levels induced
by GL-67:pCFA-CAT complexes, there were decreased lev-
els of IL-12, IFN-g and IL-6 in the BALF after instilling
GL-67:pGZA-CAT (Fig. 4). Repeated studies at times
showed larger variations in cytokine values observed be-
tween individual animals, which was likely due to vari-
ability both in dosing and in collecting the lavage fluid
from the mouse lung (data not shown). Although the
degree of cytokine reduction varied, in nearly all cases
cytokine levels induced by GL-67:pGZA-CAT complexes
were lower than those induced by GL-67:pCFA-CAT com-
plexes. Together, these data demonstrate that strategies
that reduce the number of CpG dinucleotides in the
pDNA will result in abatement of its overall immuno-
stimulatory activity not only in vitro but also in vivo.

Inhibition of IL-12 Production from Mouse Spleen
Cells with Chloroquine and Quinacrine

In addition to reducing CpG content, we evaluated a
complementary strategy to reduce the immunostimula-
tory properties of the pDNA vector by the use of specific
inhibitors of the CpG signaling pathway. Chloroquine
and quinacrine have previously been shown to inhibit the
immunostimulatory properties of oligonucleotides con-

FIG. 4. Cytokine levels in bronchoalveolar lavage fluid (BALF) and CAT
expression in the lungs after instilling unmodified and mutated pDNA vectors.
One hundred microliters of GL-67:pDNA (0.3:1.8 mM) complexes was instilled
intranasally into the lungs of BALB/c mice. BALF was collected 24 h postinstil-
lation and IL-12, IFN-g, and IL-6 levels were assayed by ELISA. Animals were
also sacrificed at 24 h postadministration and the levels of CAT in the lung
homogenates assayed. L, cationic lipid GL-67. Vehicle is water. n 5 5 mice per
group. Data are expressed as means 6 SEM.
MOLECULAR THERAPY Vol. 1, No. 3, March 2000
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taining CpG motifs in vitro (26). These compounds were
tested first for their ability to inhibit the immunostimu-
latory properties of pDNA and cationic lipid:pDNA com-
plexes in vitro. The unmodified pCFA-CAT was added to
mouse spleen cells together with chloroquine or quina-
crine and the levels of IL-12 in the culture medium were
measured 24 h later. Figure 5 shows that coaddition of 10
mM chloroquine or 1 mM quinacrine effectively decreased
he levels of IL-12 induction to near background levels.
he compounds at these concentrations had no discern-

ble effects on cell viability or on expression of the CAT
eporter gene (data not shown). To determine if chloro-
uine and quinacrine could also inhibit IL-12 production

nduced by cationic lipid:pDNA complexes, chloroquine
nd quinacrine were added together with a complex of
ationic lipid GL-67 and pCFA-CAT. Figure 5 shows that
ddition of 10 mM chloroquine or 1 mM quinacrine was
ufficient to reduce the induction of IL-12 by GL-67:
CFA-CAT complexes to near background levels.

Cytokine Profiles in Bronchoalveolar Lavage Fluid
after Instilling Cationic Lipid:pDNA Complexes
with Chloroquine or Quinacrine

To determine whether the CpG-inhibitory effects of
chloroquine and quinacrine could also be realized in vivo,
omplexes of GL-67 and pCFA-CAT were formulated with
hese compounds and then instilled into the lungs of
ALB/c mice. Quinacrine or chloroquine was added to the
ormed GL-67:pDNA complexes to a final concentration
f 0.01 to 100 mM. BALF was collected 24 h postinstilla-
ion and cytokines were measured by ELISA. Adding 10
M chloroquine decreased the levels of IL-12, TNF-a, and

IFN-g by 54 to 79% compared to levels attained after
instilling complex alone (Fig. 6). Adding 0.1 mM quina-
crine also decreased the levels of IL-12, TNF-a, and IFN-g
by 52 to 64% compared to levels observed after adminis-

FIG. 5. Inhibition of IL-12 production from stimulated mouse spleen cells
with chloroquine and quinacrine. pCFA-CAT (pDNA, 1.5 mM final concentra-
ion in 1 ml of media) or GL-67:pCFA-CAT (L:pDNA, 0.375:1.5 mM) plus or
inus chloroquine (C) or quinacrine (Q) at the indicated concentrations was

dded to mouse spleen cells and the medium collected 24 h later. Vehicle is
ater. n 5 3 wells per group. Data are expressed as means 6 SEM.
259
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tration of complex alone (Fig. 7). Higher concentrations
of either chloroquine or quinacrine did not further de-
crease cytokine levels (data not shown). The levels of CAT
expression were the same or moderately increased by the
addition of either compound (Figs. 6 and 7). These results
suggest that low concentrations of chloroquine and quin-
acrine can effectively reduce the inflammatory response
associated with instillation of cationic lipid:pDNA com-
plexes into the lung.

DISCUSSION

In this study we have constructed a pDNA expression
vector (pGZA-CAT) containing substantially fewer CpG
dinucleotides within its sequence than conventional plas-
mids. The reduced CpG content was shown to correlate
with a decreased immunostimulatory response in vitro,
nd cationic lipid:pDNA complexes containing these
odified plasmids induced significantly lower levels of

roinflammatory cytokines in the serum when adminis-
ered intravenously, as well as decreased levels in the

ouse lung BALF when administered intranasally. The
ritical role of CpG content was most clearly demon-
trated by the observation that DNA fragments devoid of
ny CpG dinucleotides were essentially non-immuno-
timulatory.

The inflammatory properties of bacteria-derived pDNA
imit many aspects of current plasmid-based gene therapy
trategies. Safety is a key concern, and in the case of CF
ene therapy, delivering an inflammatory compound to

FIG. 6. Cytokine levels in bronchoalveolar lavage fluid and lung CAT expres-
sion after instilling cationic lipid:pDNA complexes containing chloroquine.
pCFA-CAT (pDNA) was first complexed with GL-67 (L:pDNA, 0.3:1.8 mM),
and then chloroquine (C) was added to a final concentration of 10 mM. One

undred microliters of the GL-67:pDNA complexes plus or minus chloroquine
as instilled intranasally into the lungs of BALB/c mice. BALF was collected at
4 h postadministration for cytokine analysis and lungs were harvested for CAT
ssay. Cytokines were assayed by ELISA. n 5 3 mice per group. Data are
xpressed as means 6 SEM.
260
an already damaged and chronically inflamed lung is to
be avoided. In addition to causing inflammation, the
unmethylated CpGs in pDNA have been shown to induce
apoptosis of lung endothelial cells when delivered sys-
temically (11). A second concern is the potential for aug-
menting an antibody response to the transgene product
or to the pDNA itself. The TH1-type response to the im-

unostimulatory CpG motifs makes pDNA an excellent
djuvant for immunization to a variety of protein anti-
ens (27–29). This property is useful for and indeed has
een exploited for generating vaccines, but is deleterious
or the treatment of genetic disorders that require re-
eated delivery of cationic lipid:pDNA complexes. Bacte-
ial DNA also has been shown to be capable of inducing
he production of anti-DNA antibodies in mice (30), and
his finding suggests the possibility of developing an au-
oimmune response in patients as a result of treatment. A
hird limiting issue is that repeat administration of cat-
onic lipid:pDNA complexes is ineffective at short inter-
als, likely the result of the inflammatory response to the
nitial dose. This refractory effect can be reconstituted by
njecting complexes containing oligonucleotides with
pG motifs, while complexes containing oligonucleo-

ides lacking CpG motifs permit much more effective
edosing (31). Finally, expression levels and duration of
xpression are adversely affected by the toxicity of the
omplex (12, 31).

Creating a Less Immunostimulatory pDNA Vector

The decrease in the immunostimulatory activity of the
pDNA vector was found to be roughly proportional to the

FIG. 7. Cytokine levels in bronchoalveolar lavage fluid and CAT expression in
the lung after instilling cationic lipid:pDNA complexes containing quinacrine.
pCFA-CAT (pDNA) was first complexed with GL-67 (L:pDNA, 0.3:1.8 mM),
and then quinacrine (Q) was added to a final concentration of 0.1 mM. One

undred microliters of the GL-67:pDNA complexes plus or minus quinacrine
as instilled intranasally into the lungs of BALB/c mice. BALF was collected for

ytokine analysis and lungs were harvested for CAT assay. Cytokines were
ssayed by ELISA. n 5 3 mice per group. Data are expressed as means 6 SEM.
MOLECULAR THERAPY Vol. 1, No. 3, March 2000
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number of CpG sites. This mimics the strategy of CpG
suppression found in vertebrate DNA, but vertebrate DNA
also contains other features within its sequence that re-
duce its immunostimulatory properties. CpG motifs in
particular sequence contexts have been shown to be non-
immunostimulatory and have been termed neutralizing
(CpG-N) motifs (32). Oligonucleotides containing certain
patterns of CGG, CCG, and CGCG direct repeat motifs
not only lack immunostimulatory activity but they can
also inhibit immunostimulatory CpG motifs in cis and in
trans (32). Although potentially useful, inserting addi-
tional CpG-N motifs into the pDNA vector has so far not
altered immunostimulatory activity (data not shown).
The interactions between CpG-N and CpG-S motifs are
also not well understood, and at present the most effec-
tive strategy has been simply to reduce the number of
CpG sites.

The remaining problematic CpG sites of our CpG-re-
duced plasmid, pGZA, reside within the enhancer–prom-
oter and replication origin region. An enhancer–promoter
containing fewer CpG sites than found in CMV could be
used in its place. The replication origin region, along with
the antibiotic resistance gene, could be deleted entirely.
Site-specific recombination using a phage lambda inte-
grase has been demonstrated to produce “minicircles”
composed only of the expression cassette and a fragment
of the recombined site (33). While the efficiency of re-
combination needs to be improved and the purification of
these recombined plasmids is at present only suitable for
small-scale analytical purposes, large-scale methods are
certainly plausible.

Inhibitors of CpG Stimulation

While developing a completely non-immunostimula-
tory vector is the ultimate goal, a complementary strategy
to reduce the inflammatory response is to use specific
inhibitors of the CpG signaling pathway such as chloro-
quine and quinacrine. These compounds appear to in-
hibit a very early step, blocking the downstream genera-
tion of reactive oxygen species and NFkB activation in
eukocytes exposed to CpG (20). Although general immu-
osuppressants such as FK506, cyclosporin, and dexa-
ethasone have been used to reduce the immune re-

ponse to viral or nonviral vectors, a distinctive property
f chloroquine and quinacrine is the extremely low
nanomolar to micromolar) concentrations required for
he specific inhibition of CpG-mediated stimulation.
hese concentrations are well below the concentrations
equired for the antimalarial or the reported anti-inflam-
atory effects of these drugs (34, 35). Ideally such com-

ounds will not be needed as the immunostimulatory
ctivity of the pDNA is further reduced. Nevertheless, a
onceivable treatment regimen could involve coadminis-
ration of low concentrations of chloroquine or quina-
rine along with cationic lipid:pDNA complexes harbor-
ng significantly reduced CpG motifs.

In conclusion, we have shown that a pDNA vector
ontaining substantially reduced numbers of CpG sites is
MOLECULAR THERAPY Vol. 1, No. 3, March 2000
opyright © The American Society of Gene Therapy
significantly less inflammatory compared to conventional
pDNA vectors. This strategy is certainly not unique in that
many viruses have evolved their genomes to contain
fewer CpG sites in order to apparently evade the host
immune system (32, 36). One cautionary note relevant to
this strategy is the report that exogenous DNA, regardless
of CpG content, can upregulate MHC I expression in
nonimmune cells (37). Nevertheless, a pDNA with de-
creased immunostimulatory properties is a useful step
toward increasing the safety profile and hence the thera-
peutic index of non-viral-based gene therapy vectors.

ACKNOWLEDGMENTS

We thank Arthur Krieg for helpful advice and suggestions. We gratefully ac-
knowledge Maricela Alcantara, Dana Levasseur, and Nick Wan for plasmid
DNA production and purification; Mikaela Keynes, Mathieu Lane, and David
Harris for GL-62 and GL-67 formulations; and Ronald Scheule and John Mar-
shall for critical reading of the manuscript. We also thank the Laboratory
Animal Research and Gene Therapy Analysis Groups for their assistance with the
in vivo studies.

REFERENCES

1 Krieg, A. M. (1999). Direct immunologic activities of CpG DNA and implications for
gene therapy. J. Gene Med. 1: 56–63.

2 Pisetsky, D. S. (1999). The influence of base sequence on the immunostimulatory
properties of DNA. Immunol. Res. 19: 35–46.

3 Krieg, A. M. (1996). An innate immune defense mechanism based on the recognition
of CpG motifs in microbial DNA. J. Lab. Clin. Med. 128: 128–133.

4 Messina, J. P., Gilkeson, G. S., and Pisetsky, D. S. (1991). Stimulation of in vitro murine
lymphocyte proliferation by bacterial DNA. J. Immunol. 147: 1759–1764.

5 Krieg, A. M., Yi, A. K., Matson, S., Waldschmidt, T. J., Bishop, G. A., Teasdale, R.,
Koretzky, G. A., and Klinman, D. M. (1995). CpG motifs in bacterial DNA trigger direct
B-cell activation. Nature 374: 546–549.

6 Klinman, D. M., Yi, A. K., Beaucage, S. L., Conover, J., and Krieg, A. M. (1996). CpG
motifs present in bacteria DNA rapidly induce lymphocytes to secrete interleukin 6, inter-
leukin 12, and interferon gamma. Proc. Natl. Acad. Sci. USA 93: 2879–2883.

7 Ballas, Z. K., Rasmussen, W. L., and Krieg, A. M. (1996). Induction of NK activity in
murine and human cells by CpG motifs in oligodeoxynucleotides and bacterial DNA.
J. Immunol. 157: 1840–1845.

8 Sparwasser, T., Koch, E. S., Vabulas, R. M., Heeg, K., Lipford, G. B., Ellwart, J. W., and
Wagner, H. (1998). Bacterial DNA and immunostimulatory CpG oligonucleotides trigger
maturation and activation of murine dendritic cells. Eur. J. Immunol. 28: 2045–2054.

9 Scheule, R. K., St. George, J. A., Bagley, R. G., Marshall, J., Kaplan, J. M., Akita, G. Y.,
Wang, K. X., Lee, E. R., Harris, D. J., Jiang, C., Yew, N. S., Smith, A. E., and Cheng, S. H.
(1997). Basis of pulmonary toxicity associated with cationic lipid-mediated gene transfer to
the mammalian lung. Hum. Gene Ther. 8: 689–707.

10 Freimark, B. D., Blezinger, H. P., Florack, V. J., Nordstrom, J. L., Long, S. D., Deshpande,
. S., Nochumson, S., and Petrak, K. L. (1998). Cationic lipids enhance cytokine and cell

nflux levels in the lung following administration of plasmid:cationic lipid complexes.
. Immunol. 160: 4580–4586.

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

12 Yew, N. S., Wang, K. X., Przybylska, M., Bagley, R. G., Stedman, M., Marshall, J.,
cheule, R. K., and Cheng, S. H. (1999). Contribution of plasmid DNA to inflammation in
he lung after administration of cationic lipid:pDNA complexes. Hum. Gene Ther. 10:
23–234.
13 McMahon, J. M., Wells, K. E., Bamfo, J. E., Cartwright, M. A., and Wells, D. J. (1998).

nflammatory responses following direct injection of plasmid DNA into skeletal muscle. Gene
her. 5: 1283–1290.

14 Alton, E. W., Stern, M., Farley, R., Jaffe, A., Chadwick, S. L., Phillips, J., Davies, J., Smith,
. N., Browning, J., Davies, M. G., Hodson, M. E., Durham, S. R., Li, D., Jeffery, P. K., Scallan,
., Balfour, R., Eastman, S. J., Cheng, S. H., Smith, A. E., Meeker, D., and Geddes, D. M.

1999). Cationic lipid-mediated CFTR gene transfer to the lungs and nose of patients with
ystic fibrosis: A double-blind placebo-controlled trial. Lancet 353: 947–954.

15 Bird, A. P. (1993). Functions for DNA methylation in vertebrates. Cold Spring Harb.
ymp. Quant. Biol. 58: 281–285.

16 Bauer, M., Heeg, K., Wagner, H., and Lipford, G. B. (1999). DNA activates human
mmune cells through a CpG sequence-dependent manner. Immunology 97: 699–705.

17 Hartmann, G., and Krieg, A. M. (1999). CpG DNA and LPS induce distinct patterns of
ctivation in human monocytes. Gene Ther. 6: 893–903.

18 Meehan, R., Lewis, J., Cross, S., Nan, X., Jeppesen, P., and Bird, A. (1992). Transcrip-
ional repression by methylation of CpG. J. Cell Sci. Suppl. 16: 9–14.

19
 Macfarlane, D. E., and Manzel, L. (1998). Antagonism of immunostimulatory CpG–

261



C
r

S

o

i

Z
a
f

N
a

b

W
n

K
D

M
e

a
J

s
T

S
a

a
g

p

h
1

g
J

K

ARTICLE
oligodeoxynucleotides by quinacrine, chloroquine, and structurally related compounds.
J. Immunol. 160: 1122–1131.

20 Yi, A. K., Tuetken, R., Redford, T., Waldschmidt, M., Kirsch, J., and Krieg, A. M. (1998).
pG motifs in bacterial DNA activate leukocytes through the pH-dependent generation of

eactive oxygen species. J. Immunol. 160: 4755–4761.
21 Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G., Smith, J. A., and

truhl, K. (1993). Current Protocols in Molecular Biology, Wiley, New York.
22 Kim, C. H., Oh, Y., and Lee, T. H. (1997). Codon optimization for high-level expression

f human erythropoietin (EPO) in mammalian cells. Gene 199: 293–301.
23 Vieira, J., and Messing, J. (1982). The pUC plasmids, an M13amp7-derived system for

nsertion mutagenesis and sequencing with synthetic universal primers. Gene 19: 259–268.
24 Lee, E. R., Marshall, J., Siegel, C. S., Jiang, C., Yew, N. S., Nichols, M. R., Nietupski, J. B.,

iegler, R. J., Lane, M. B., Wang, K. X., Wan, N. C., Scheule, R. K., Harris, D. J., Smith, A. E.,
nd Cheng, S. H. (1996). Detailed analysis of structures and formulations of cationic lipids
or efficient gene transfer to the lung. Hum. Gene Ther. 7: 1701–1717.

25 Oka, A., Nomura, N., Morita, M., Sugisaki, H., Sugimoto, K., and Takanami, M. (1979).
ucleotide sequence of small ColE1 derivatives: Structure of the regions essential for
utonomous replication and colicin E1 immunity. Mol. Gen. Genet. 172: 151–159.

26 Yi, A. K., and Krieg, A. M. (1998). Rapid induction of mitogen-activated protein kinases
y immune stimulatory CpG DNA. J. Immunol. 161: 4493–4497.
27 Davis, H. L., Weeratna, R., Waldschmidt, T. J., Tygrett, L., Schorr, J., Krieg, A. M., and
eeranta, R. (1998). CpG DNA is a potent enhancer of specific immunity in mice immu-

ized with recombinant hepatitis B surface antigen. J. Immunol. 160: 870–876.
28 Roman, M., Martin-Orozco, E., Goodman, J. S., Nguyen, M. D., Sato, Y., Ronaghy, A.,

ornbluth, R. S., Richman, D. D., Carson, D. A., and Raz, E. (1997). Immunostimulatory

NA sequences function as T helper-1-promoting adjuvants. Nat. Med. 3: 849–854. s

262
29 Sato, Y., Roman, M., Tighe, H., Lee, D., Corr, M., Nguyen, M. D., Silverman, G. J., Lotz,
., Carson, D. A., and Raz, E. (1996). Immunostimulatory DNA sequences necessary for

ffective intradermal gene immunization. Science 273: 352–354.
30 Gilkeson, G. S., Grudier, J. P., Karounos, D. G., and Pisetsky, D. S. (1989). Induction of

nti-double stranded DNA antibodies in normal mice by immunization with bacterial DNA.
. Immunol. 142: 1482–1486.

31 Tan, Y., Li, S., Pitt, B. R., and Huang, L. (1999). The inhibitory role of CpG immuno-
timulatory motifs in cationic lipid vector-mediated transgene expression in vivo. Hum. Gene
her. 10: 2153–2161.

32 Krieg, A. M., Wu, T., Weeratna, R., Efler, S. M., Love-Homan, L., Yang, L., Yi, A. K.,
hort, D., and Davis, H. L. (1998). Sequence motifs in adenoviral DNA block immune
ctivation by stimulatory CpG motifs. Proc. Natl. Acad. Sci. USA 95: 12631–12636.

33 Darquet, A. M., Rangara, R., Kreiss, P., Schwartz, B., Naimi, S., Delaere, P., Crouzet, J.,
nd Scherman, D. (1999). Minicircle: An improved DNA molecule for in vitro and in vivo
ene transfer. Gene Ther. 6: 209–218.
34 Slater, A. F., and Cerami, A. (1992). Inhibition by chloroquine of a novel haem

olymerase enzyme activity in malaria trophozoites. Nature 355: 167–169.
35 Ferrante, A., Rowan-Kelly, B., Seow, W. K., and Thong, Y. H. (1986). Depression of

uman polymorphonuclear leucocyte function by anti-malarial drugs. Immunology 58:
25–130.
36 Karlin, S., Doerfler, W., and Cardon, L. R. (1994). Why is CpG suppressed in the

enomes of virtually all small eukaryotic viruses but not in those of large eukaryotic viruses?
. Virol. 68: 2889–2897.

37 Suzuki, K., Mori, A., Ishii, K. J., Saito, J., Singer, D. S., Klinman, D. M., Krause, P. R., and
ohn, L. D. (1999). Activation of target-tissue immune-recognition molecules by double-

tranded polynucleotides. Proc. Natl. Acad. Sci. USA 96: 2285–2290.

MOLECULAR THERAPY Vol. 1, No. 3, March 2000
Copyright © The American Society of Gene Therapy


	INTRODUCTION
	MATERIALS AND METHODS
	TABLE 1

	RESULTS
	FIG. 1
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5
	FIG. 6

	DISCUSSION
	FIG. 7

	ACKNOWLEDGMENTS
	REFERENCES

