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ABSTRACT

Direct gene transfer into localized arterial segments can be performed in vivo by transfection with DNA-
liposome complexes. This technique holds promise for the treatment of human diseases, including malignancy
and cardiovascular disorders. We have previously characterized the potential toxicity of this form of treatment
in mice in vivo (Stewart et al., 1992). In this report, we examine two issues relevant to long-term expression of
foreign recombinant genes: (i) the potential for autoimmune damage to major organs and (ii) DNA localization
in gonadal tissue. Autoimmunity and toxicity of allogeneic major histocompatibility (MHC) gene transfer was
assessed in mice after induction of an immune response to a recombinant murine class I MHC gene by direct
gene transfer in vivo. Histological examination of brain, heart, lung, liver, kidney, spleen, and skeletal muscle
revealed no clinically significant immunopathology or organ damage. The toxicity of gene delivery by DNA
liposomes was also analyzed in pigs and rabbits in vivo. No histopathology was observed following the
introduction of plasmids encoding several different gene products, and analysis of serum following DNA
liposome delivery revealed no abnormalities of serum biochemical parameters. The potential for transfer of
recombinant DNA into testes and ovary in animals was evaluated by the polymerase chain reaction. Although
evidence of recombinant plasmid was consistently observed in transfected, but not untransfected, arterial sites
and occasionally in lung, kidney, spleen, and liver, no plasmid DNA was detected in testes or ovary. These
studies suggest that uptake of recombinant DNA following direct gene transfer by liposomal transfection in
major organs is not associated with autoimmunity, toxicity, or gonadal localization. This method of direct gene
transfer is therefore appropriate for human gene therapy.

OVERVIEW SUMMARY INTRODUCTION

The use of DNA-liposome complexes to transfer genes in THE DIRECT TRANSMISSION of recombinant DNA into spe-
vivo is now underway in an active clinical protocol. Mouse cific organs in vivo for therapeutic purposes offers several
safety and acute toxicity data have been published previ- attractive features for the treatment of human disease. Ex vivo
ously (Hum. Gene Ther. 3, 267-275). In the present paper, gene therapy requires the removal of tissue from patients, estab-
Nabel et al. begin to provide long-term safety data, specifi- lishment of cell lines in the laboratory, and delivery to the
cally with regard to the potential for autoimmune damage patient. These steps can be cumbersome, complex, and costly.
to major organs or for the transfer of the foreign genes into By the direct administration of genes in vivo, many of these
reproductive tissue. steps can be eliminated, simplifying procedures and reducing
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delays in the initiation of treatment. Although direct gene trans-
fer is attractive in some respects, several concerns remain re-
garding its potential toxicity. We have previously documented
the lack of acute toxicity using DNA-liposome complexes in
mice (Stewart et al., 1992). In this report, we address three
issues relevant to potential chronic toxicities that may arise
from this treatment: (i) immunopathology caused by autoimmu-
nity, (ii) long-term organ toxicity, and (iii) DNA uptake by
gonadal tissue that could increase the potential for inadvertent
germ-line transfer.

Two methods have proven successful for arterial gene trans-
fer in vivo, including infection with replication-defective retro-
viral vectors and transfection with DNA-liposome complexes
(Nabel et al., 1989, 1990, 1992a; Lim et al., 1991). Retroviral
vectors used in several direct gene transfer studies in vivo show
no evidence for the generation of helper virus (Nabel et al.,
1990). The safety of murine amphotropic replication-defective
retroviral vectors has also been examined in a variety of exper-
imental animal studies (Cornetta et al., 1990, 1991) and in
recent human clinical trials (Rosenberg et al., 1990) using ex
vivo gene therapy. Recombinant DNA and cationic liposome
complexes (Felgner et al., 1987; Felgner and Rhodes, 1991;
Gao and Huang, 1991) have recently been developed for direct
gene transfer in vivo (Nabel et al., 1990, 1992a; Stewart et al.,
1992). Although these studies have demonstrated efficacy of
gene transfer in experimental animals in vivo, the long-term
sequelae of recombinant gene expression are not entirely
known. The purpose of this report is to summarize safety and
toxicity data generated from studies of DNA liposome-medi-
ated gene transfer in vivo in several small and large animal
models, including mice, rabbits, and pigs. Major organs were
examined for recombinant gene expression, autoimmunity, tox-
icity, and biochemical abnormalities, and localization of re-
combinant DNA to germ line tissue was analyzed. Based on
these studies, there are no apparent contraindications to this
form of gene delivery for gene therapy.

MATERIALS AND METHODS

Plasmids

Plasmids containing recombinant human genes were pre-
pared in eukaryotic plasmid expression vectors for liposomal
transfection in vivo. These plasmid expression vectors in-
cluded: pLJ encoding the Escherichia coli B-galactosidase gene
(Price et al., 1987); pLJ encoding the human factor IX gene
(Yao et al., 1991); pSVL encoding the human platelet-derived
growth factor (PDGF) B (v-sis) gene (generously provided by
Dr. Brent Cochran); pMEX encoding the human acidic fibro-
blast growth factor (aFGF) gene (kindly provided by Dr. Tho-
mas Maciag); pRKS encoding the human transforming growth
factor-B (TGF-B)) gene (Arrick et al., 1992); pMTE encoding
the human transforming growth factor-a (TGF-a) (kindly pro-
vided by Dr. Rik Derynck); pLJ encoding the human class I
major histocompatability complex (MHC) gene, HLA-B7 (Na-
bel et al., 1992a); and pLJ encoding the murine class I MHC
gene, H-2KS (Plautz et al., 1992).
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Transfection with DNA-liposome complexes

In these studies, we have used two formulations of cationic
liposomes: Lipofectin (Bethesda Research Laboratories, Gaith-
ersburg, MD) (Felgner et al., 1987) and DC-cholesterol (Gao
and Huang, 1991). All mice were transduced with DC-choles-
terol liposomes (n = 17), and all rabbits with Lipofectin
(n = 27). Pigs were transduced with Lipofectin (n = 39) or
with DC-cholesterol (n = 1).

Previous studies had established conditions for optimal trans-
fection. We have found that the ratio of DNA to lipid and the
absolute concentration of each affect the transfection efficiency
in endothelial cells (Stewart et al., 1992), and these conditions
were used for the present study. DNA-liposome complexes
were prepared for in vivo transfection, as previously described,
using 5 pl of Lipofectin and 2-5 pg of plasmid DNA (=1
mg/ml) (Nabel ez al., 1992a) or 15 nM cationic DC-cholesterol
liposomes and 1 wg of plasmid DNA (Gao and Huang, 1991;
Stewart et al., 1992).

Direct gene transfer in vivo

DNA-liposome complexes were introduced into Yorkshire
pigs or New Zealand white rabbits by intravenous injection or
arterial transfection. Direct arterial transfection was performed
as previously described in peripheral iliofemoral arteries of pigs
using a catheter (Nabel et al., 1990, 1992a). Rabbit arterial
transfections were performed by surgically exposing the distal
aorta and bilateral iliofemoral arteries. Temporary ligatures
were placed around the distal aorta and right femoral artery,
isolating a 2-cm length of artery. Side branches were tied off
and a 1.5-mm angioplasty catheter (Scimed, Minneapolis, MN)
was placed and inflated in the proximal iliac artery through a
distal aorta arteriotomy, creating a l1-cm protected length of
artery between the proximal catheter tip and the distal ligature
for transfection. The balloon was inflated, occluding the proxi-
mal portion of the artery and the artery was rinsed through the
distal tip of the catheter with 3 cc of saline and 3 cc of Opti-
MEM (Bethesda Research Laboratories). The distal ligature
was tightened around the right iliofemoral artery, creating a
1-cm protected length of artery from the tip of the catheter to the
ligature, and 0.1-0.2 ml of transfection solution was instilled
into the 1-cm arterial space. Following 20 min of transfection,
the balloon was deflated, the distal ligature was removed, and
the catheter was withdrawn. The arteriotomy was repaired and
circulation was restored. Intravenous injections were made into
rabbit ear central vein.

Studies of chronic organ toxicity and autoimmunity in mice
were performed in 17 adult female mice (strain BALB/c) by
intravenous, intraperitoneal, and subcutaneous injections of
DNA-liposomes complexes. Animals were divided into two
groups based upon the generation of cytolytic T cells to H-2K5:
immune and nonimmune groups. Immune animals (n = 10)
were injected with RSV-H-2K® plasmid under the following
conditions (i) intravenous injection (n = 7), four injections and
sacrificed at 75 days (n = 4), and three injections and sacrificed
at 28 days (n = 3); (ii) subcutaneous injection X 3 and sacri-
ficed at 28 days (n = 1); and (iii) intraperitoneal injection X 3
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TABLE 1. ANALYSIS OF POTENTIAL CHRONIC ORGAN TOXICITY OR AUTOIMMUNITY IN MICE INJECTED
wiTH H-2KS DNA LIPOSOMES
CTL immunity Pathology PCR
Nonimmune Immune Nonimmune Immune Nonimmune Immune
(n=06) (n=10) (n=7) (n=10) (n=7) (n=10)
CT26 K5 CT26 CT26 KS CT26 Brain Normal Normal 0/10 2/7
2.6 0.6 1.6 0.4 20.6 * 6.6 1.6 0.3 Heart Normal Normal 1/10 2/7
Lung Normal® Normal 4/10 1/7
Liver Normal® Normal?® 0/10 177
Kidney Normal Normal 0/10 1/7
Ovary Normal Normal 0/10 077

Immune response to H-2KS (percent lysis) at a 50:1 effector to target ratio, organ pathology,

*Incidental pathological findings of no clinical significance.

and sacrificed at 28 days (n = 2). Nonimmune animals (n = 7)
were injected with Rous sarcoma virus (RSV) B-galactosidase
(n = 4) by subcutaneous (n = 2), intraperitoneal (n = 1), or
intramuscular (n = 1) routes and sacrificed at 28 days; RSV
HLA-B7 (n = 2) by intravenous route and sacrificed at 64 and
74 days; and K*® alone by subcutaneous (n = 1) delivery and
sacrificed at 28 days. For all studies, the mice received 1.25 ng
of plasmid DNA and 7.5 pl of DC-cholesterol prepared in a
final volume of 0.7 ml of lactated Ringer’s, with 0.1 ml in-
Jected. Serological testing for mouse hepatitis virus were per-
formed using an ELISA and an immunofluorescence assay
(Charles River Laboratories, New Bedford, MA).

Lymphocyte preparation and cytolytic T-cell assay

Murine splenic lymphocytes were incubated in RPMI con-
taining 10% fetal bovine serum, penicillin (50 U/ml), strepto-
mycin (50 wg/ml), L-glutamine (2 mM), and 2-mercaptoethanol

and presence of DNA by PCR is shown.

(5 X 1073 M) at a concentration of 10%/ml on a layer of irradi-
ated CT26 H-2KS stimulator cells for 5 days. Target cells were
incubated with *'Cr (100 p.Ci) at 37°C for 2 hr, washed X3, and
plated in 96-well microtiter plates at 10* cells per well (Ro-
mano, 1986). Supernatant was replaced with prestimulated ef-
fector cells (3 X 10*t0 7.5 x 10° cells) suspended in 100 pl of
RPMI containing 10% FBS, penicillin/streptomycin, L-glu-
tamine, and 2-mercaptoethanol. Plates were centrifuged at
(100 X g) for 5 min at the beginning and end of the assay to
settle lymphocytes. Supernatant (50 wl) from the reaction was
counted in a Beckman gamma counter.

Analysis of recombinant gene expression

The expression of the human recombinant genes was ana-
lyzed up to 126 days following direct gene transfer. Genomic
DNA was prepared from transfected and nontransfected arter-
ies, ovary, testes, heart, lung, liver, spleen, kidney, and skele-

TABLE 2. HISTOLOGICAL ANALYSIS OF TISSUES FOLLOWING INTRODUCTION OF DNA LIPOSOMES IN Vivo

Pigs Rabbits
DNA liposomes Normal controls DNA liposomes Normal controls
(n=28) (n=206) (n=22) (n=2)

Heart Normal Normal Normal Normal
Lung

Focal peribronchial lymphoid 11/28 4/6 12/22 2/2

aggregates
Liver

Focal portal mononuclear 10/28 2/6 4/22 172

inflammatory aggregates -
Kidney

Focal tubular stasis 1/28 0/6 0/22 02

Focal interstitial mononuclear 2/28 0/6 0/22 0/2

inflammatory cells
Spleen

Congestion 528 2/6 0/22 072
Skeletal muscle Normal Normal Normal Normal
Nontransfected artery Normal Normal Normal Normal

Gonadal tissue

Ovary
Testes

Normal (26/26)
Normal (2/2)

Normal (5/5)
Normal (1/1)

Normal (10/10)
Normal (12/12)

Normal (2/2)
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TABLE 3. EVALUATION OF SERUM BIOCHEMICAL PARAMETERS AFTER IN VIVO GENE TRANSFER IN PIGS

Plasmid DNA
Summary

0-7 days 7-21 days 22-67 days 0-67 days Saline control ~ Normal range

(n=28) (n=21) (n=4) (n=28) (n=235) (n=7)
Albumin (grams/dl) 3.0x0.1 3.1x0.1 2.4 x0.0 29+0.7 3.1+£0.2 3.1 0.1
Alk Phos (IU/liter) 274 *+ 31 236 = 13 3199 266 = 13 275 =52 309 = 21
Amylase (units/liter) 2381 £ 156 2449 = 153 2315 £267 2312 = 81 1918 *= 139 2424 *+ 180
Bilirubin (mg/dl) 0.1 £0.1 0.2+0.0 0.3 x0.1 0.2 *+0.1 0.1 £0.0 0.3 0.1
BUN (mg/dl) 9=*1 101 8x1 101 8+1.3 11x1
Calcium (mg/dl) 10.0 = 0.4 9.3 0.1 8.8x0.1 9.4 +0.2 10.0 £ 0.2 9.8 £0.2
Chloride (mEq/liter) 106 £ 2 105 = 1 101 =2 105 = 1 106 £ 2 108 = 12
Cholesterol (mg/dl) 103 +6 108 = 4 N/A 115 =10 86 + 8 95 12
Creatinine (mg/dl) 1.0 = 0.1 1.0+x00 . 09=x0.0 1.0 0.1 1.0+ 0.1 1.0 = 0.1
GGT (IU/liter) 32+4 33x£2 453 32*2 32+3 34+6
Globulin (total grams/dl) 1.7+0.1 2.0 x0.1 2.1x0.1 1.9 0.1 1.9 0.1 2.0+0.2
Glucose (mg/dl) 156 = 16 106 = 10 164 = 11 132+9 126 = 34 106 =9
LDH (IU/liter) 384 x 27 352 =21 372+ 4 370 £ 15 371 =53 592 = 38
Phosphorus (mg/dl) 8.4=x0.5 8.4+0.2 73*03 8.1 0.2 8.8 0.8 8.8x04
Potassium (mEq/liter) 4.0=*0.1 4.0 0.1 4.0x0.1 4.0=x0.1 4.0+0.2 4.6 0.4
SGOT (IU/liter) 223=x3 28.0x3 3503 282 263 46 %5
SGPT (IU/liter) 332 42.0=*3 423=x5 38x2 33x3 36 x4
Sodium (mEq/liter) 140 = 1 140 = 1 1372 1391 143 £2 145 €2
Total protein (grams/dl) 4.9 *0.2 5.1 0.1 45 *0.1 4.9 *0.1 5+0.2 52 *0.1
Triglycerides (mg/dl) 324 %4 2743 52+ 16 344 22+3 64 = 15
Uric acid (mg/dl) 0.0 0.0 0.0 0.0 0.0 0.0

Pigs were transduced in the iliofemoral artery with DNA-liposome complexes (n = 28) or saline (n = 5). Blood samples were obtained prior to
sacrifice, and serum enzyme and chemistry values were analyzed (Roche Biomedical Laboratory, Dublin, OH). A normal range of values was
determined on pigs at the University of Michigan who had not undergone experimental manipulation. Mean values, SEM, and the number of

subjects (in parentheses) are shown.

tal muscle by standard proteinase K digestion and phenol and
chloroform extraction conditions. Oligonucleotide primers
were synthesized to generate ~350-bp fragments, as follows:
E. coli B-galactosidase, human HLA-B7, human factor IX, and
murine H-2K® genes as previously described (Nabel et al.,
1990, 1992a; Yao et al., 1991; Stewart et al., 1992, respec-
tively). PDGF B gene, sense TAC TCC TCT TAA GCT GCG
TAT TCG G, antisense ACA CCA GGA AGT TGG CAT TGG
TGC G; acidic FGF gene, sense CAA ACT CCT CTA CTG
TAG CAA CGG G, antisense TTG CTT TCT GGC CAT AGT
GAG TCC G; TGF-B gene, sense TCC ACC TGC AAG ACT
ATC GAC ATG G, antisense CAG CCG GTT GTC GAG GTA
TCG CCA G; TGF-a gene, sense TGG TCC CCT CGG CTG
GAC AGC TCG C, anti-sense TCG GAC CTG GCA GCA
GTG TAT CAG C. Polymerase chain reaction (PCR) analysis
was performed using 100 pg of genomic DNA for 30 cycles of
denaturation (94°C, 1 min), annealing (60°C, 2 min), and poly-
merization (72°C, 2 min) in an automated DNA thermal cycler
(Perkins-Elmer/Cetus). Samples were analyzed by ethidium
bromide staining in 1% agarose gel. Genomic DNA from trans-
fected cells was used as positive control (1 pg). The sensitivity
of detection has been estimated to be between 1 copy per 10 to
10° genomes.

Analysis of organ toxicity

Organ specimens including transfected and nontransfected
artery, ovary or testes, brain, heart, lung, liver, spleen, kidney,

and muscle were obtained at animal sacrifice, formalin-fixed,
paraffin-embedded, and stained in hematoxylin and eosin. Rep-
resentative sections were examined by an experienced patholo-
gist (D.G.) in a blinded fashion.

Serum from rabbits and pigs was obtained prior to sacrifice,
frozen at —20°C, and biochemical analyses were performed
(Roche Biomedical Laboratories, Dublin, OH). Mean values
and SEM are expressed. Values from experimental groups were
compared to sham-operated saline controls and normal animals
that did not undergo any experimental procedure, using analysis
of variance with Bonferroni correction. Results were consid-
ered statistically significant if p < 0.05.

" RESULTS

Lack of immune pathology after foreign MHC
gene transfer

An important question regarding the long-term toxicity from
expression of a foreign histocompatibility gene introduced by
direct gene transfer in vivo has been the possibility of inducing
autoimmunity. In this study, we addressed this question by
examining murine tissues following confirmation that a specific
immune response to a foreign human class I MHC gene had
been elicited. The presence and distribution of this plasmid
DNA within different tissues was confirmed by PCR and was
found consistently in murine liver, lung, and heart as previously
noted (Stewart et al., 1992).
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TABLE 4. EVALUATION OF SERUM BIOCHEMICAL PARAMETERS AFTER IN Vivo GENE TRANSFER IN RABBITS

Plasmid DNA
Summary

0-7 days 7-21 days 22-120 days 0-120 days Saline control ~ Normal range

(n=238) (n=3) (n=6) (n=17) (n=6) (n=6)
Albumin (grams/dl) 33*0.1 4.1 =0.1 3.7*0.1 3.6 0.1 3.7=*0.1 3.9+0.1
Alk Phos (IU/liter) 107 =7 50+ 11 58+9 80 =8 131 =27 140 + 30
Amylase (units/liter) 306 = 22 303+ 14 410 * 31 342 = 19 302 * 26 351 29
Bilirubin (mg/dl) 0.2 0.0 0.3*+0.0 0.3 +0.0 0.3 +0.1 0.2*0.0 0.2+0.0
BUN (mg/dl) 15+1 15+1 19=x1 16 1 132+ 14 13+1
Calcium (mg/dl) 11.9 0.2 11.7 = 0.1 13.8 = 0.2 125+ 0.3 122+ 04 12.4 £ 0.1
Chloride (mEq/liter) 100 =2 107 = 1 108 = 1 104 = | 105 =2 104 = |
Cholesterol (mg/dl) 49 + 2 43+ 5 33x2 42 *2 56 =7 62+ 10
Creatinine (mg/dl) 0.8 +0.0 1.3x0.6 1.0 +0.0 1.0 = 0.1 1.1 0.1 1.0 0.0
GGT (IU/liter) 3.9*0.6 9313 10+ 1.0 7=x1 53%x1.1 5.7+0.4
Globulin (total grams/dl) 1.4 = 0.1 23*09 1.4 0.0 1.3+0.1 1.5 0.1 1.7 = 0.1
Glucose (mg/dl) 1025 156 =9 127 9 120+ 6 190 = 11 102 +7.2
LDH (IU/liter) 364 + 23 242 + 42 184 + 67 279 + 33 295 =70 386 + 71
Phosphorus (mg/dl) 45*0.1 4.7 *+0.6 3.4+0.2 42*0.2 7.3x0.7 6.9 = 0.7
Potassium (mEq/liter) 4.5*0.2 40=*x0.2 53*04 4.7*0.2 40=*+0.2 42 *+0.2
SGOT (IU/liter) 50*6 172 276 36 =5 36 = 11 26 £ 4
.SGPT (IU/liter) 50+4 25*2 36 x4 41 =3 37x4 375
Sodium (mEq/liter) 138 +2 142+ 1 146 = | 141 = | 143 =2 141 = 8
Total protein (grams/dl) 47 +£0.1 6.0 =0.1 5.1 *0.1 5.0x0.1 52+0.2 5.6 £0.1
Triglycerides (mg/dl) 5738 32*5 64 * 14 55+6 373 41 %5
Uric acid (mg/dl) 0.0 0.0 0.0 0.0 0.0 0.0

Rabbits were injected intravenously or transfected intraarterially with

were obtained prior to sacrifice, and analyzed (Roche Biomedical Laboratories, Dublin, OH). Results
6). Mean values, SEM, and the number of subjects (in parentheses) are shown.

University of Michigan (n =

Tissues were analyzed from immune mice in which an im-
mune response to the murine class [ MHC gene, H-2KS, had
been generated as a result of direct gene transfer. These mice
were compared to control nonimmune mice injected with either
human HLA-B7, B-galactosidase, or in one instance, an H-2KS
plasmid in which H-2KS did not elicit an allogeneic MHC
response. Animals were analyzed for cytolytic T-cell activity
against CT26 K adenocarcinoma cells and/or CT26 cells (neg-
ative control), and an immune response to H-2KS was con-
firmed in 10 animals (Table 1). When pathologic analyses of
tissues from these animals were performed, no evidence of
autoimmunity or toxicity was observed despite the documented
immune response to H-2KS (Table 1). Incidental pathologic
findings were noted infrequently that were clinically insignifi-
cant and unrelated to expression of H-2K5. Mild hepatocellular
injury was seen in several mice due to mouse hepatitis virus
(Jacoby and Fox, 1984), which was diagnosed by serological
testing in these mice. Therefore, no adverse effects were asso-
ciated with this form of therapy in mice at DNA liposome doses
that exceed the human dose by =100-fold.

In additional studies, tissues from a porcine model of vascu-
litis were examined. These animals were transfected with the
human class I MHC gene, HLA-B7, directly into iliofemoral
arteries using DNA-liposome complexes (Nabel et al., 1992a).
liofemoral arteries from animals sacrificed 10 or 17 days after
transfection with HLA-B7 DNA liposomes demonstrated an
intense inflammatory reaction, consisting of mononuclear cells,
primarily in the adventitia. Medial inflammation and intimal
thickening were also present. Other systemic organs, including

DNA liposome complexes (n = 17) or with saline (n = 6). Blood samples
were compared with normal rabbits at the

kidney, liver, spleen, lung, and nontransfected carotid artery,
were examined to determine whether systemic autoimmunity
was present. These organs did not reveal inflammatory changes
and were normal in appearance on light microscopy (D.G.). In
one pig sacrificed 75 days after transduction of iliofemoral
arteries with HLA-B7, a residual healed vasculitis was detected
in the iliofemoral arteries although the recombinant HLA-B7
DNA was no longer present by PCR analysis. The lung, kidney,
spleen, liver, and carotid artery in this animal showed normal
histology. ‘

Cumulative experience with organ toxicity

To determine whether there is any organ toxicity associated
with the use of cationic liposomes for the introduction of recom-
binant genes, we have summarized our experience in porcine
and rabbit studies. Seven plasmids were studied, including the
E. coli B-galactosidase gene, the human factor IX gene, the
human PDGF gene, the human acidic FGF gene, the human
TGF-B gene, the human TGF-a gene, and the human HLA-B7
gene. Organs from pigs and rabbits that had undergone direct
arterial transfection were analyzed and compared with normal
pigs and rabbits, respectively, that had not undergone arterial
transfection, for evidence of possible systemic organ toxicity
(Tables 2 and 3). Heart, lung, liver, kidney, spleen, skeletal
muscle, nontransfected artery, ovary, and testes demonstrated
no major immune or inflammatory changes or cytopathology
with any of the seven plasmids. Occasional minor abnormalities
were observed in both experimental and control animals,
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TABLE 5. LOCALIZATION OF PLASMID DNA BY PCR AFTER DIRECT GENE TRANSFER IN VIvOo
IN PORCINE AND RABBIT MODELS
Pig Pig Rabbit Rabbit Rabbit Rabbit Rabbit

Species (n=6) (n=11) (n = 10) (n=2) (n=4) m=4) (n=15)
Site of introduction Artery Artery LV. ILV. Artery Artery Artery
Duration 7 days 17-21 days 3 days 35 days 7 days 26-30 days 76-126 days
Recombinant gene a,d,e* a,b,d,f b,c g a,g a,g a,g
Gonadal tissue

Ovary 0/6 0/10 0/0 0/0 0/0 0/4 0/0

Testes 0/0 0/1 0/10 0/1 0/3 0/0 0/5
Heart 0/6 0/11 3/10 ND ND ND ND
Lung 0/6 0/11 1/10 12 2/4 0/4 1/5
Liver 1/6 0/11 0/10 0/2 1/4 0/4 0/5
Kidney 1/6 0/11 0/10 0/2 1/4 0/4 0/5
Spleen 1/6 0/11 0/10 0/5 3/4 0/4 0/5
Muscle 0/6 0/11 0/10 ND ND ND ND
Brain ND ND 0/10 ND ND ND ND
Transfected artery 5/6 9/11 None None 3/5 4/4 6/6
Nontransfected artery 0/6 0/11 0/10 0/2 0/4 ND 0/2
Negative controls 0/6 0/11 0/10 0/2 0/4 0/4 0/2
Positive controls 6/6 11/11 10/10 5/5 4/4 4/4 5/5

DNA-liposome complexes were introduced by the indicated route in a 0.7-ml volume in pigs (n = 17) or rabbits (n = 25). In the case of
intraarterial gene transfer, an attempt was made to remove unreactive DNA-liposome complexes. DNA was extracted from the indicated organs
and analyzed by PCR. The number of animals tested positive relative to the total number analyzed is indicated.

ND is not determined.

2a. E. coli B-galactosidase; b. human HLA-B7; c. murine H-2KS; d. human PDGF B; e. human acidic FGF; f. human TGF-c; g. human factor

IX.

including focal peribronchial lymphoid aggregates in the lung,
focal portal mononuclear inflammatory cells in the liver, focal
tubular stasis and interstitial mononuclear inflammatory cells in
the kidney, and splenic congestion which were not clinically
significant. These incidental findings were unrelated to the in-
troduction of exogenous DNA.

" In addition to the analysis of organ toxicity by pathologic
analysis, we performed routine analysis of serum enzymes and
biochemical parameters that provide a more sensitive biochem-
ical indicator of organ toxicity. Blood samples from pigs trans-
fected with one of the seven plasmids (experimental group)
(n = 28) were compared to nontransfected animals who under-
went sham operative procedures (saline controls) (» = 5) and to
normal pigs who had no experimental manipulation (normal
controls (n = 7). These samples revealed no statistical differ-
ences in liver function, renal function, glucose, or serum elec-
trolytes between the three groups: experimental group, saline
controls, normal controls (p = NS) (Table 3). Similarly, rab-
bits transduced with one of the seven plasmids (experimental
group) (n = 17) showed a range of values similar to sham
operated saline controls (n = 6) (p = NS) and rabbits who had
not undergone experimental manipulation (normal controls)
(n = 6) (p = NS) (Table 4).

Animal studies: lack of recombinant plasmid in
gonadal tissue

To determine whether DNA liposomal transduction allowed
uptake of plasmid DNA into gonadal tissue, we performed PCR
analysis of transfected tissues and systemic organs. The cumu-

lative findings from direct gene transfer using DNA liposome
complexes have been summarized from studies of 17 pigs, 25
rabbits, and 17 mice. These animals received DNA-liposome
complexes by arterial transfection, intravenous injection, sub-
cutaneous injection, or intraperitoneal injections (Tables 1 and
5). Seven plasmid expression vectors were studied, including
E. coli B-galactosidase, human HLA-B7, murine H-2KS, hu-
man PDGF B, human acidic FGF, human TGF-«, and human
factor IX genes.

In animals transduced by catheter-mediated gene transfer
into the arterial wall, evidence of recombinant DNA was con-
sistently observed in transfected, but not in nontransfected,
arterial sites by PCR analysis (Table 5 and Fig. 1A,B). In the
porcine model, plasmid DNA was detected in kidney, liver, and
spleen of one pig following arterial transfection. In other pigs,
plasmid DNA was detected only at the site of arterial transfec-
tion and was not present in other tissues. When mixtures of
positive tissue extracts (arteries) were mixed with negative tis-
sue, the PCR signals were easily detected, suggesting that there
are no inhibitors in the tissue extracts (Fig. 1B). In rabbits, it
was technically more difficult to remove unreacted DNA-lipo-
some complexes from the vessel after gene transfer, and DNA
was occasionally detected in other organs, including heart,
lung, liver, kidney, and spleen. Seven days post arterial trans-
fection, recombinant DNA was present in lung, liver, kidney,
and spleen of rabbits, but none in gonadal tissue. In rabbits that
received a direct intravenous infusion, plasmid DNA was de-
tected by PCR 3 days following gene transfer in heart and lung.
Plasmid DNA was not detected in gonadal tissue from the 17
pigs, 25 rabbits, or 17 mice. i
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Fig. 1. A. Expression of recombinant human HLA-B7 DNA
in porcine tissues in a representative pig following direct arte-
rial gene transfer. Recombinant HLA-B7 plasmid DNA was not
detected in heart, kidney, liver, lung, skeletal muscle, ovary,
spleen, or nontransfected right renal artery. The presence of
recombinant human HLA-B7 DNA in transduced left and right
iliofemoral arteries was detected 21 days following direct arte-
rial transfection. Positive controls and negative control are pro-
vided in addition to marker DNA. IF, Iliofemoral; L, left; R,
right. B. Lack of inhibitor for the PCR reaction in negative
tissues. Human HLA-B7 DNA was not present in porcine heart,
kidney, or lung. When mixtures of positive arterial tissues were
mixed with negative tissues, PCR signals were still detected in
heart plus right iliofemoral artery (H+RIF artery), kidney plus
right iliofemoral artery (K+RIF artery), and lung plus right
iliofemoral artery (L+RIF artery). Human HLA-B7 DNA is
present in transfected right iliofemoral artery. Positive controls
and negative controls are shown along with DNA markers.

DISCUSSION

In this study, three questions have been addressed that are
relevant to potential long-term complications of direct gene
transfer by DNA liposomes in vivo. The possibility that this
method of gene transfer could induce autoimmunity or diffuse
toxicity has been analyzed, and the potential for uptake in
gonadal tissue has been examined. We have found no evidence
of autoimmunity, biochemical abnormalities, or tissue pathol-
ogy in porcine, rabbit, or murine models. In addition, gonadal
tissues did not contain recombinant DNA after direct gene
transfer of DNA-liposome complexes in vivo in contrast to
some other organs. These findings suggest that this method of
gene transfer in vivo poses no readily apparent contraindications
to use in humans.

Although the introduction of DNA liposome complexes pro-
vided no obvious acute toxicities in previous studies (Stewart et
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al., 1992), earlier analyses had not addressed the question
whether the introduction of a foreign histocompatibility gene
might induce generalized autoimmunity chronically. To some
extent, previous studies with organ transplantation provide pre-
cedent for this question. A substantial amount of foreign trans-
plantation antigen is introduced in vivo following transplanta-
tion, and previous extensive clinical experience suggests that
autoimmunity has rarely been observed in association with or-
gan transplantation (for review, see Klumpp ez al., 1990; Gold-
man et al., 1991). Although direct gene transfer poses a differ-
ent clinical setting, the previous transplantation experience
suggested that transfer of foreign MHC genes per se did not
induce autoimmunity. In these studies, we find that direct gene
transfer of foreign MHC induces no detectable immunoreactiv-
ity against normal tissues, despite the successful generation of
an immune response to the foreign haplotype (Table 1).

Finally, the concern has been raised about the potential for
inadvertent introduction of DNA into germ-line cells following
direct gene transfer. To address this issue, we examined the
ovaries and testes from pigs, rabbits, and mice following the
delivery of DNA liposomes by intravenous injection or intraar-
terial transfection. PCR analysis revealed no evidence of uptake
or expression in gonadal tissue. Although we cannot exclude
that it may occur at lower frequency or in selected clinical
settings, these data suggested that germ-line gene transfer is
unlikely to occur frequently using this method of gene transfer.

The potential of gene therapy to contribute to the treatment of
human diseases has expanded significantly in recent years. Ad-
vances in gene transfer techniques have improved the prospects
for novel approaches to the delivery of recombinant genes in
vivo. In addition to their role in gene therapy, these gene trans-
fer approaches can also be used to address important mechanis-
tic questions in disease (Nabel et al., 1992b). Although direct
gene transfer technology remains in its infancy, expanding lab-
oratory efforts and the lack of apparent toxicity from this form
of treatment suggest that it will become increasingly useful for
the genetic treatment of human disease.
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