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ABSTRACT

Current gene therapy strategies using adenoviral vectors to target the lung or liver have been complicated by
an acute inflammatory response that can result in loss of transgene expression as well as tissue injury and
necrosis. Skeletal muscle comprises 40% of total body weight; it possesses a high density, accessible capillary
network that is resistant to injury and thus may be a logical target for adenoviral vectors. We hypothesized
that adenoviral transduction of the rat skeletal muscle capillary bed during vascular isolation would achieve
efficient gene transfer sufficient to achieve systemic serum levels of a recombinant protein without significant
tissue injury. During vascular isolation of the hindleg, a replication-incompetent adenovirus (Ad) encoding
for either the marker gene, human placental alkaline phosphatase (hpAP), or interleukin-1 receptor antago-
nist (IL-1ra) was infused and subsequently flushed from the circulation after a 30-min dwell period. Gene
transfer over a 10°~10!2 particle/ml range to the gastrocnemius capillary endothelium and muscle fibers was
highly efficient and titer-dependent, reaching maximum transduction rates of 71 + 7% and 25 * 5%, re-
spectively, 5 days after gene transfer (n = 3-8 rats/group, p < 0.05). hpAP transgene expression was barely
detectable at 14 days. No significant tissue injury or necrosis of the skeletal muscle was observed at 5 and 14
days, and distant organ gene transfer was minimal or absent. Gastrocnemius muscle from rats (n = 4) given
Ad-IL-1ra had 241 * 66 pg IL-1ra/mg protein at 5 days, while those given Ad-hpAP, negative control (n =
3) had 35 = 14 pg IL-1ra/mg protein (p < 0.05). Ad-IL-1ra rats (n = 4) had serum levels of 185 + 20 pg/ml
IL-1ra at 5 days whereas Ad-hpAP control rats (z = 5) had no IL-1ra detectable (p < 0.0001). Athymic rats
given Ad-IL-1ra (n = 6) had serum levels of 493 = 62 pg/ml IL-1ra 14 days after transduction, and IL-1ra
was detected for up to 98 days. Sera from Ad-IL-1ra athymic rats significantly inhibited IL-18-induced (1
ng/ml) prostaglandin E; (PGE,) production from cultured endothelial cells by 82 £ 2% (p < 0.001). Thus,
this gene transfer strategy is the first to result in substantial transduction of both skeletal muscle capillary
endothelium and fibers, sufficient to achieve pharmacologic levels of IL-1ra. Although no acute tissue injury
or necrosis was observed, persistence of transgene expression in athymic rats suggests that loss of expression
in normal rats was by an immune-mediated mechanism.

OVERVIEW SUMMARY Gene transfer over a 10°-10!2 particle/ml range to the gas-

trocnemius capillary endothelium and muscle fibers is

Here we report highly efficient adenoviral-mediated gene highly efficient and titer dependent, reaching maximum
transfer to the rat skeletal muscle capillary endothelium and transduction rates in these tissue of 71 = 7% and 25 * 5%,
muscle fibers during vascular isolation of the hindlimb. respectively, 5 days after gene transfer. Adenovirus-induced
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inflammation in the skeletal muscle was not observed and
distant organ gene transfer was minimal or absent. When
adenoviral interleukin-1 receptor antagonist (Ad-IL-1ra)
was used to transduce the gastrocnemius capillary en-
dothelium and muscle fibers, serum IL-lra levels were
185 = 20 pg/ml. Athymic rats given Ad-IL-1ra had serum
levels of 493 = 62 pg/ml IL-1ra 14 days after transduction
and IL-1ra was detected for up to 98 days. This gene trans-
fer strategy results in substantial transduction of capillary
endothelium as well as skeletal muscle fibers sufficient to
achieve pharmacologic levels of recombinant protein with-
out evidence of local tissue injury.

INTRODUCTION

EVELOPMENT OF EFFICIENT TECHNIQUES OF GENE TRANSFER

and elucidation of the molecular basis for both acquired
and hereditary human diseases have made gene therapy possi-
ble. However, development of a safe and efficient gene deliv-
ery strategy and identification of optimal target cells in vivo
have lagged behind these advances in molecular biology.
Recently, replication-incompetent adenoviral vectors have been
introduced as a highly efficient technique of gene transfer.
Adenoviral vectors are available in high titers, infect a broad
range of cells, and do not require target cell replication for suc-
cessful gene transfer. However, a disadvantage of adenoviral
vectors is that they can induce an inflammatory reaction that
can result in tissue injury or necrosis and loss of transgene ex-
pression when either delivered systemically or directly to vital
organs such as the lung, liver, and brain (Davidson et al., 1994;
Engelhardt et al., 1994; Simon et al., 1993; Yang et al., 1994a,b;
McCray et al., 1995).

Endothelial cells are considered an excellent target for gene
transfer because they represent a durable tissue located strate-
gically at the blood tissue interface. A number of investigators
have successfully transduced the endothelium of large muscu-
lar arteries (Nabel and Nabel, 1994; Messina et al., 1995).
However, muscular arteries form only a small portion of the
surface area of the circulatory system, and the number of trans-
duced endothelial cells within such segments might be insuffi-
cient for the purposes of systemic gene therapy. Alternatively,
capillaries comprise 80% of the circulatory system surface area
and thus are a logical site for recombinant protein production
to achieve either a regional or systemic therapeutic effect
(Guyton, 1991; Messina et al, 1992). Skeletal muscle, ac-
counting for 40% of total body weight (Guyton, 1991), pos-
sesses a high-density, accessible capillary network, that is rel-
atively resistant to ischemic injury. Furthermore, skeletal
muscle, similar to the liver, is capable of regeneration after a
variety of injuries (Carlson et al., 1990). Skeletal muscles may
be more easily targeted with less risk of morbidity than other
tissues such as the lung and liver.

Here, we report the first highly efficient strategy of direct,
adenovirus-mediated gene transfer to skeletal muscle capillary
endothelium during vascular isolation of the hindleg.
Additionally, significant gene transfer to the skeletal muscle
fibers was also achieved. This technique of direct gene trans-
fer to capillary endothelium during vascular isolation permit-
ted the use of high-titer adenovirus (102 particles/ml), without
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evidence of acute muscle injury or necrosis, and resulted in min-
imal distant organ transduction. Using this technique, we
achieved high serum concentrations of [L-1 receptor antagonist
protein (IL-1ra), a clinically important inhibitor of IL-1’s delf?—
terious actions in shock, inflammation, and rheumatoid arthri-
tis (Dinarello, 1994). The serum concentrations of IL-lra were
bioactive and sufficient to inhibit IL-1B-induced prostaglandin
E, (PGE,) secretion by rat aortic endothelial cells in vitro.
Transgene expression was documented for up to 98 days in
athymic rats but nearly absent by 14 days in normal rats, sug-
gesting that loss of transgene expression in normal rats was im-
mune mediated. This strategy of direct gene transfer to the iso-
lated skeletal muscle capillary bed may have wide applicability
to gene therapy for acquired and inherited human diseases.

METHODS

Recombinant adenoviral vectors

The Escherichia coli lacZ (Davidson et al., 1994), human
placental alkaline phosphatase (hpAP) (Muller et al., 1994), or
the human IL-1ra (Roessler et al., 1995) replication-incompe-
tent recombinant adenoviral vectors were generated as de-
scribed previously (Roessler et al., 1995). Briefly the appro-
priate cDNA and Rous sarcoma virus (RSV) promoter were
cloned into the parent plasmid pAd.Bg! II to generate a provi-
ral plasmid pAd.RSViacZ, pAd.RSVhpAP, pAd RSVIRAP.
Each plasmid was linearized by Nhe I digestion and co-trans-
fected into permissive 293 cells with adenoviral genomic DNA
(Ad5 derivative sub 360, E-1 region deleted). As a result of ho-
mologous recombination, an E1A/E1B-deleted recombinant
adenovirus containing the appropriate cDNA was produced.
Thus, all adenoviral vectors were identical except for the par-
ticular cDNA, all of which were under transcriptional control
of the RSV promoter. Purified adenovirus, harvested from 293
cells, was suspended in phosphate-buffered saline (PBS).
Concentrations (particles/ml) were determined by the 0.D.260
(1.0 OD U = 1.0 X 10'? particles/ml) and were always found
to be greater than 1.0 X 102 particles/ml for each adenoviral
preparation. A typical adenoviral preparation of 1.0 X 102 par-
ticles/ml resulted in a titer of 1.0 X 10! plaque-forming
units/ml. Fresh adenovirus was used immediately following
preparation in all experiments.

Hindlimb capillary bed isolation

Male Wistar (WI/HICKSCAR) rats or athymic nude rats
(225-325 grams) were anesthetized using 50 mg/kg ketamine
hydrochloride and 25 mg/kg xylazine (I.M.) and were main-
tained under 2% isoflurane in oxygen. The common femoral
artery, vein, and nerve were isolated through a groin incision,
and a tourniquet was passed beneath them to encircle the en-
tire proximal hindlimb. The saphenous artery was ligated dis-
tally and cannulated in a retrograde manner with a 26G needle
connected to polyethylene tubing, which was preflushed with
heparinized PBS (100 U/ml). Fifty units of heparin were then
infused through the cannula prior to occluding hindlimb blood
flow. Vascular isolation was achieved by occluding the com-
mon femoral, saphenous, and epigastric arteries and veins us-
ing microvascular clamps. Collateral flow was abolished by
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tightening the tourniquet around the proximal hindlimb. A
venotomy was made in the distal saphenous vein to serve as
outflow for flushing the hindlimb capillaries. Ten milliliters of
warm PBS were then used to flush blood out of the capillaries
before occluding the venotomy site. The appropriate titer of
hpAP adenovirus (Ad-hpAP), 10}2 particles/ml. IL-1ra aden-
ovirus (Ad-IL-1ra), 10'? particles/ml LacZ adenovirus (Ad-
lacZ, vector sham), or PBS (sham) was subsequently infused
(0.7 ml) into the hindlimb and allowed to incubate for 30 min.
Preliminary experiments showed this time interval to yield max-
imal transduction efficiency (data not shown). Following this
incubation, the clamp was removed from the venotomy site,
residual virus was washed from the capillaries, the cannula was
removed, and the saphenous artery and vein were ligated. All
other microvascular clamps were removed, thereby restoring
antegrade arterial and venous flow. The incision was closed and
the rat was recovered from anesthesia. All animal procedures
were approved by the University of Michigan Committee on
the Use and Care of Animals.

Histological staining for hpAP transgene expression

Five or 14 days following Ad-hpAP gene transfer, the rats
were reanesthetized and the hindlimb capillaries were flushed
and perfusion fixed (120 mmHg) with 2% formaldehyde in PBS
via the iliac artery. The muscles of the rat hindlimb were ex-
cised and placed in 2% formaldehyde. Biopsies of the lung,
liver, spleen, testis, and brain were obtained and fixed in 2%
formaldehyde. After 24 h, these tissues were transferred to 70%
ethanol. They were subsequently paraffin embedded, sectioned,
and stained for heat-stable AP activity as previously described
(Fields-Berry er al., 1992; Muller et al., 1994). All tissues were
heated to 56°C for 60 min to inactivate endogenous AP activ-
ity. Abolition of endogenous AP activity was confirmed by his-
tologic examination. Ad-lacZ-transduced tissues and PBS tis-
sues served as negative controls for AP staining. Routine
histological staining was performed using hematoxylin and
eosin.

Reverse transcriptase polymerase chain reaction for
hpAP transgene expression in skeletal muscle and
distant organs

Tissues obtained for reverse transcriptase polymerase chain
reaction (RT-PCR) analysis of hpAP expression were fresh-
frozen in liquid nitrogen and stored at —70°C. Total RNA was
isolated from 50 mg of each tissue and extracted using a Micro-
Scale Total RNA Separator Kit according to the manufacturer’s
instructions (Clontech, Palo Alto, CA). Pure RNA was reverse
transcribed using a 1st strand cDNA Synthesis Kit also accord-
ing to the manufacturer’s instructions (Clontech). The primers,
5'-TGGGGCCCTGCATGCTGCTGCTGCTGCTGC-3"  (nu-
cleotides 5—34) and 5'-TAGGATCCTGGCAGCTGTCACCG-
TAGACAC-3’ (nucleotides 212-231), were used to amplify a
226-bp fragment of the hpAP cDNA (Muller et al., 1994). The
PCR reactions were run in a 50-ul volume and included 2 ul of
the cDNA synthesis product, 250 ng of each primer, 1.6 units of
Taq polymerase (Perkin-Elmer Cetus, Norwalk, CT), 2 mM
dNTPs (Invitrogen), and 2.0 mM MgCl, (in Buffer N, Invitrogen)
at a pH of 10. An initial denaturing period of 5 min at 94°C was
performed by 35 cycles of denaturing for 40 sec at 94°C and an-
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nealing/extension for 40 sec at 58°C and 40 sec at 72°C.
Glyceraldehyde phosphate dehydrogenase (GAPDH) expression
was measured, as previously described (Mata et al., 1993), us-
ing RT-PCR to validate that the RNA extraction and cDNA syn-
thesis procedures were adequate to provide pure RNA and cDNA,
respectively.

Detection of recombinant IL-1ra in serum and
skeletal muscle

A commercial ELISA kit for human recombinant IL-1ra was
used to measure IL-1ra in peripheral venous serum or in whole
muscle extracts according to the manufacturer’s instructions
(R&D Systems, Minneapolis, MN). Peripheral venous serum
was saved at —70°C until ELISA. Whole gastrocnemius mus-
cle samples were fresh-frozen in liquid nitrogen and stored at
—70°C until protein extraction (Dhawan et al., 1991) and
ELISA. Total protein was determined using the bicinchoninic
acid method (Pierce Chemical, Rockford, IL). IL-1ra was quan-
titated using a standard curve diluted in normal rat serum (for
serum samples) or diluted in muscle extraction buffer (for mus-
cle samples). The assay for PGE; is sensitive down to a con-
centration of 1.5 pg/ml PGE; and exhibited 50% cross reactiv-
ity for PGE;. It exhibits less than 2% cross reactivity for all
other ecinosoids.

Detection of IL-1ra activity in peripheral serum

Peripheral venous serum was added to confluent cultures of
rat aortic endothelial cells (RAEC) (Magee et al., 1994) in the
presence of 0.0, 0.1, or 1.0 ng/ml human IL-18 for 6 h (Bull et
al., 1990; Maier er al., 1990). RAEC were washed twice in
serum-free low-glucose DMEM (GIBCO, Gaithersburg, MD),
and the PGE; released was collected in serum-free DMEM for
24 h. PGE, was assayed by an enzyme immunoassay accord-
ing to the manufacturer’s instructions (Perseptive Diagnostics,
Cambridge, MA).

Statistical analysis

All data are expressed as the mean plus or minus the stan-
dard error of the mean (SEM). Statistical analysis was per-
formed using analysis of variance (ANOVA) and a post hoc
comparison between groups with Fisher’s protected least
squares difference test or a two-tailed Student’s r-test (Devore,
1991) (Statview 4.0, Abacus Concepts, Inc., Berkeley, CA).
Significance was assigned when the p value was less than 0.05.

RESULTS

Efficiency of adenoviral-mediated gene transfer to the
skeletal muscle capillary endothelium

Highly efficient gene transfer to the capillary endothelium
was achieved (Fig. 1A) by sustained exposure of the capillary
endothelium to high-titer Ad-hpAP during vascular isolation of
the rat hindlimb. Although at least some capillary endothelium
transduction was achieved in all of the lower hindlimb muscles
using 1012 particles/ml Ad-hpAP, the anterior tibialis and gas-
trocnemius demonstrated the highest transduction rates 5 days
following vascular isolation, ranging from 1% to 35% and 33%
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to 88%, respectively. In addition to transduction of the capil-
lary endothelium, some transduction to arterioles and venules
was also observed. However, by 14 days after gene transfer,
hpAP activity was significantly reduced to levels less than 1%
(data not shown). Due to the consistent transduction rate for the
gastrocnemius capillary endothelium at 5 days, this muscle was
studied at this time point in all subsequent experiments.

Capillary endothelium transduction rates were dependent
upon the adenoviral titer (Fig. 1B). Capillary endothelium ex-
posure to 102 particles/ml Ad-hpAP resulted in transduction
of 71 = 7% of the capillary endothelium. This rate fell sub-
stantially with decreasing titers to a rate of 2 * 0.3% at 10° par-
ticles/ml. Unexpectedly, substantial gene transfer to the muscle
fibers was also achieved by this strategy of vascular isolation
(Fig. 1C). The transduction rate of 25 * 5% of the gastrocne-
mius muscle fibers achieved at a titer of 1012 particles/ml fell
to 0.5 = 0.3% at a titer of 10° particles/ml.

Although the skeletal muscle capillary bed was exposed dur-
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ing the 30-min vascular isolation to adenoviral titers of 1012
particles/ml, no evidence of significant acute tissue injury,
necrosis, or other pathology was identified following system-
atic review of hemotoxylin and eosin-stained muscle sections
at both 5 days (Fig. 2A) and 14 days (data not shown). The
high transduction rates were identified based on the presence
of purple-staining cells, indicative of heat-stable hpAP (Fig.
2B,C). The purple staining was highly specific for hpAP be-
cause vascular hindlimb isolation and infusion of either PBS
(vehicle sham, data not shown) or 102 particles/ml Ad-lacZ
(virus sham, Fig. 2D) did not demonstrate hpAP staining. The
location of the endothelium in relation to the muscle fibers was
defined (Fig. 2E) using the endothelial cell specific marker,
Griffonia simplicifolia I lectin (Hansen-Smith et al., 1988).

Specificity of adenoviral-mediated gene transfer to
isolated skeletal muscle capillary endothelium

Experiments were performed to determine the tissue specificity
of this gene transfer strategy and to determine if any deleterious
systemic effects resulted. RT-PCR detected hpAP expression in
some distant organs of Ad-hpAP rats, being most common in the
liver and spleen (Table 1). This occurred even though hindlimbs
were isolated from the systemic circulation, as evidenced by strict
localization of Evan’s blue dye to the hindlimb (data not shown).
However, hpAP protein in these distant organs was minimal, as
determined histologically by hpAP staining (Table 1).

Efficacy of adenoviral-mediated gene transfer to
isolated skeletal muscle capillary endothelium for
systemic delivery of recombinant proteins

To evaluate the efficacy of transducing the capillary en-
dothelium for systemic delivery of a soluble recombinant pro-
tein, a recombinant adenovirus containing the cDNA for human
IL-1ra was used. Peripheral venous serum from rats transduced
with Ad-IL-1ra contained high concentrations of human IL-1ra
protein (Fig. 3A), whereas venous serum of rats transduced with

-

FIG. 1. Endothelium transduction rate in hindlimb skeletal
muscles of Ad-hpAP-transduced rats. Transduction rate was de-
termined as a percentage of the total muscle capillarys visual-
ized in cross sections (m = SEM). A. Rats were given 10!2 par-
ticles/ml of Ad-hpAP into the isolated hindlimb vasculature and
the indicated muscle groups were assessed for histological evi-
dence of hpAP activity 5 days later. The gastrocnemius muscle
(Gastroc.) resulted in a higher transduction rate than that found
in the anterior tibialis (Ant. Tib.), extensor digitorum longus
(EDL), posterior muscles (Post.), or biceps femoris (Bic. Fem.).
Five to eight Ad-hpAP-transduced rats were analyzed for each
individual muscle shown above. *p < 0.0001 versus all groups.
B. Endothelium transduction rate as a function of titer in gas-
trocnemius muscle of Ad-hpAP transduced rats at 5 days. The
gastrocnemius endothelium transduction rate was titer dependent
with 10'? particles/ml, resulting in a maximal transduction rate.
Gastrocnemius muscles from 3-8 Ad-hpAP-transduced rats were
analyzed for each titer tested. *p < 0.05 versus all other titers.
C. Musgle fiber transduction rate as a function of titer in gas-
trocnemius _muscle of Ad-hpAP-transduced rats at 5 days. The
gastrocnemius muscle fiber transduction rate was titer dependent
with 10! particles/m! resulting in a maximal transduction rate.
Gastrocnemius muscles from 3-8 Ad-hpAP-transduced rats were
analyzed for each titer tested. *p < 0.01 versus all other titers.
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FIG.2. Histological examination of perfusion-fixed gastrocnemius muscle cross sections of rats 5 days after undergoing hindlimb
vascular isolation to receive the indicated infusions. A. Hematoxyin and eosin staining 5 days following infusion of 10'? parti-
cles/ml of Ad-hpAP (40X) demonstrated no evidence of tissue injury, necrosis, or other obvious pathology. B and C. Heat-sta-
ble alkaline phosphatase staining (purple) indicative of hpAP activity 5 days following infusion of 10!2 particles/ml of Ad-hpAP
(10X and 40X). Purple staining is evident in the endothelium and muscle fibers. D. Heat-stable alkaline phosphatase staining for
hPAP activity 5 days following infusion of 10'? particles/ml of Ad-lacZ (40X) (virus sham, negative staining control). E.
Nontransduced gastrocnemius muscle stained with the endothelial cell-specific Griffonia simplicifolia I lectin defining the loca-

tion of the endothelium in relation to the muscle fibers (40X).

Ad-hpAP adenovirus (negative control) had no detectable hu-
man IL-1ra at 5 days following gene transfer. Whole gastroc-
nemius muscle protein extraction from Ad-IL-Ira rats had
241 = 66 pg IL-1ra/mg muscle protein, whereas Ad-hpAP rats
(negative control) had 35 * 14 pg IL-1ra/mg muscle protein
(Fig. 3B), representing nonspecific cross-reactivity of the mus-
cle’s endogenous proteins to the IL-1ra ELISA.

Loss of transgene expression after adenoviral gene transfer
is thought to be immune mediated (Simon et al, 1993;
Engelhardt et al., 1994; Yang et al., 1994a,b; McCray et al.,
1995). To determine if this might account for the loss of ex-
pression in rat endothelium and skeletal muscle using our strat-
egy, the hindlimb skeletal muscle capillary endothelium in
athymic rats was transduced with Ad-IL-1ra; these rats lack nor-
mal T lymphocyte function (Wahl ez al., 1986). Peripheral ve-
nous serum was collected and IL-1ra concentrations in the
athymic rats were compared to venous serum of normal rats
that received Ad-IL-1ra (Fig. 4). In contrast to the near com-
plete loss of detectable serum levels of IL-1ra in normal rats
by 21 days following transduction, high IL-1ra serum concen-
trations were documented up to 98 days following transduction
in athymic rats.

Finally, the bioactivity of IL-1ra in the sera was shown to
establish the efficacy of this gene transfer strategy to deliver
functional recombinant proteins to the systemic circulation. To
achieve this, IL-1ra in the sera of IL-1ra transduced rats was
assessed for its ability to inhibit IL-1-induced PGE, secretion
from RAEC. Following a co-incubation of sera from IL-1Ira-
transduced rats with recombinant human IL-18, PGE; secre-

tion was inhibited at all IL-183 concentrations tested (Fig. 5)
with an 82 * 2% inhibition of 1 ng/ml IL-18 (p < 0.001), sig-
nifying that the IL-1ra was biologically active.

TABLE 1. REVERSE TRANSCRIPTASE PCR AssAY
FOR HPAP EXPRESSION IN DISTANT TISSUES

Ratio of positive RT-PCR

Tissue samples per number studied hpAP staining
Gastrocnemius 4/4 71 = 7%
Liver 3/4 <1%
Spleen 3/3 <1%
Lung 1/4 <1%
Testis 1/3 <1%
Brain 1/3 <1%

Normal rats were transduced with Ad-hpAP (10'2
particles/ml) in the isolated skeletal muscle hindlimb and the
indicated tissues were snap frozen 5 days later. Tissues were
subsequently extracted for pure total RNA, reverse-transcribed
into cDNA, and subjected to PCR using primers specific for
the hpAP ¢cDNA. PCR products were subjected to gel elec-
trophoresis, stained with ethidium bromide, and visualized un-
der UV light for the appropriately sized band. Normal rat tis-
sue and lacZ transduced tissue served as internal assay negative
controls. PCR reactions were also carried out using primers for
GAPDH to verify the integrity of the RNA extraction and re-
verse transcription. hpAP protein activity was measured on
identical tissue samples and the transduction rates determined
using histological staining for hpAP as described in Fig. 1.
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FIG. 3. Sera and muscle tissue IL-1ra concentrations in Ad-
IL-1ra-transduced rats. A. Serum human IL-1ra protein con-
centrations as determined by ELISA in rats 5 days after un-
dergoing hindlimb vascular isolation to receive either 10'2
particles/ml Ad-TL-1ra (4 rats) or 10'? particles/ml Ad-hpAP
(negative control, 5 rats). Significant levels of human IL-1ra
were detected in the sera of Ad-IL-I1ra-transduced rats. *p <
0.0001. B. Rats were treated identically as in A with either 10'2
particles/ml Ad-IL-1ra (4 rats) or 10'2 particles/ml Ad-hpAP
(3 rats). Five days later the gastrocnemius muscle was extracted
for protein, and human IL-1ra protein was measured by ELISA
and normalized to total protein extracted. *p < 0.05.

DISCUSSION

These results show for the first time highly efficient direct
in vivo adenovirus-mediated gene transfer to the skeletal mus-
cle capillary endothelium during vascular isolation. Not only
was highly efficient gene transfer to the capillary endothelium
achieved, but efficient gene transfer was also achieved to the
muscle fibers (Fig. 1B,C). The expression in the skeletal mus-
cle was found predominantly in the gastrocnemius (Fig. 1A).
The localization of transgene expression in the gastrocnemius
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FIG. 4. Durability of IL-1ra expression and systemic con-
centrations of IL-1ra in Ad-IL-1ra-transduced rats. Normal rats
(3 rats) or athymic nude rats (6 rats) were treated with 1012 par-
ticles/ml Ad-IL-1ra and venous serum was measured for hu-
man IL-1ra protein as described in Fig. 5A at the indicated times
post-transduction. Duration of IL-1ra expression was signifi-
cantly longer in athymic rats than in normal rats. *p < 0.005
versus normal rat IL-1ra concentrations.
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muscle likely reflects differences in the volume distribution of
the adenoviral perfusate in the static capillary bed during vas-
cular isolation (Ooboshi er al., 1995). Nonetheless, these cap-
illary endothelium and muscle fiber transduction rates were suf-
ficiently high such that hindlimbs that were transduced with
Ad-IL-1ra resulted in systemic serum IL-1ra concentrations as
high as 185 pg/ml (Figs. 3 and 4), a level consistent with that
observed following experimental endotoxemia (Granowitz et
al., 1991) and sufficiently bioactive to inhibit IL-1B-induced
PGE, secretion from cultured rat aortic endothelial cells
(RAEC) (Fig. 5).

This technique of gene transfer to skeletal muscle capillary
endothelium and fibers during vascular isolation was accom-
plished with low peri-procedural morbidity and without evi-
dence of acute tissue injury or necrosis in the target muscle 5
and 14 days after gene transfer. In addition, the vascular isola-
tion technique provided significant protection of distant organs
from high-titer adenovirus as transduction rates in these tissues
were minimal (0—1%) (Table 1). Thus, this gene transfer strat-
egy achieved two clinically important goals of absence of acute
injury of the target tissue and minimal systemic exposure to
high-titer adenovirus.

Adenoviral transduction of the lung and liver is associated
with an inflammatory reaction with a lymphocytic infiltrate and
necrosis (Simon et al., 1993; Yang et al., 1994a,b; Engelhardt
et al., 1994; McCray et al., 1995). This inflammatory reaction
due to wild-type and recombinant adenoviral vectors occurs
within 48 hr following adenovirus delivery in some experi-
mental animals models (Yang ez al., 1994a) and human trials.
In this study, no evidence of skeletal muscle injury at either 5
or 14 days after exposure was observed. Thus, this study and
others suggest that skeletal muscle may be more resistant to
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FIG. 5. IL-Ira bioactivity in sera from Ad-IL-1ra-transduced
rats. Athymic rats were transduced as described in Fig. 1 with
Ad-hpAP (4 rats), Ad-TL-1ra (6 rats), or nontransduced (4 rats).
Sera were obtained from each animal and incubated with sep-
arate cultures of RAEC for 6 hr in the presence of the indicated
concentrations of human IL-18 in serum-free DMEM. After 6
hr, RAEC were washed and incubated in serum-free DMEM
for 24 hr to collect PGE,; PGE; was measured by immunoas-
say. S(?ra containing human IL-1ra from Ad-IL-1ra-transduced
athymic rats inhibited IL-1B-induced PGE, production from
RAEC. *p < 0.0001 and tp <0.05 versus Ad-hpAP-trans-
duced rats and nontransduced rats. This inhibition was partially
reversed by 1.0 ng/ml of IL-1p.
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adenoviral-induced tissue injury than other organs such as the
lung and liver (Ascadi et al., 1994; Fisher et al., 1994; Tripathy
etal., 1994),

The longer duration of transgene expression in Ad-IL-1ra
normal rats as well as the persistent expression of Ad-IL-1ra in
athymic rats strongly suggests that an immune-mediated mech-
anism may be responsible for loss of transgene expression in
normal rats. In Ad-hpAP normal rats, less than 1% of the en-
dothelium and muscle fibers stained positively 14 days after
adenoviral infusion. This transgene expression pattern is con-
sistent with the findings of other investigators when using ade-
noviral vectors (Yao et al., 1995). Interestingly, at 14 days, Ad-
IL-1ra normal rats showed reduced, yet significantly detectable,
serum concentrations of human IL-1ra (Fig. 4). Detectable sys-
temnic concentrations of human IL-1ra suggest fairly substantial
endothelial and muscle fiber expression beyond that docu-
mented in Ad-hpAP rats at 14 days. One potential explanation
for this discrepancy is that inhibition of IL-1-mediated events
by IL-1ra may inhibit immune-mediated loss of transgene ex-
pression.

In experiments using athymic rats, we demonstrated long-
term expression of human IL-1ra for at least 98 days (Fig. 4).
Persistent transgene expression using these adenoviral vectors
in athymic rats further supports the hypothesis that loss of trans-
gene expression in normal rats may be directly or indirectly T
cell mediated (Yang et al., 1994a,b; Yao et al., 1996). Because
no significant acute tissue injury or necrosis was observed 5 or
14 days following transduction, the immune mechanism could
be transgene specific. Nonetheless, it is now clear that duration
of transgene expression after in vivo adenoviral transduction is
species, organ, and, most likely, transgene specific.

Multiple clinical applications of this gene transfer strategy
exist for the treatment of acquired or genetic disease. Durable
expression of IL-1ra would have considerable potential for
treating acquired human diseases characterized by chronic in-
flammation, such as rheumatoid arthritis and polymyositis.
Transient IL-1ra expression might be applicable to the preven-
tion of sepsis-induced acute respiratory distress syndrome or
multiple organ dysfunction in which IL-B is critical to disease
pathogenesis (Dinarello, 1994; Fisher et al., 1994).

Other transgenes could be used to achieve regional or sys-
temic therapeutic effects. This technique’s capacity to transduce
multiple different muscles simultaneously within a limb may
be particularly well suited to Duchenne’s muscular dystrophy.
This technique could also be used to achieve a regional effect,
such as the induction of angiogenesis in a chronically ischemic
limb or a systemic effect such as that required by the treatment
of hemophilia A or B.
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