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(57) ABSTRACT 
A novel method for expressing a protein Which comprises: 
transforming skeletal myoblasts or cardiac myocytes With a 
DNA sequence comprising a DNA segment encoding a 
selected gene doWnstream of the Rous sarcoma virus long 
terminal repeat or the expression sequence in pRSV, and 
implanting said skeletal myoblasts or cardiac myocytes into 
a recipient Which then expresses a physiologically effective 
level of said protein. 
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FIGURE 2 
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FIGURE 3 
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FIGURE 5 
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GENETICALLY-ENGINEERED MYOBLASTS AND 
CARDIAC MYOCYTES AS DRUG DELIVERY 

SYSTEMS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to the use of skeletal 
and muscle cardiac cells that continuously secrete recombi 
nant protein products. 

[0003] 2. Discussion of the Background 

[0004] A large number of inherited and acquired diseases 
require treatment by intravenous or subcutaneous infusions 
of proteins. These include inherited protein de?ciencies such 
as hemophilia A and B, and congenital groWth hormone 
de?ciency, as Well as acquired diseases such as AIDS and 
diabetes mellitus. Standard therapy for such diseases 
requires repeated intravenous or subcutaneous administra 
tion of protein solutions. The ability to use cell implants 
Which continuously secrete recombinant protein products 
into the circulation Would greatly simplify the therapy of 
many of these disorders. This disclosure describes trans 
plantable genetically-engineered skeletal muscle stem cells 
(myoblasts) that produce detectable levels of serum proteins 
in a recipient host and myocytes that produce local levels of 
secreted recombinant proteins in the myocardium. 

[0005] Somatic gene therapy can be de?ned as the ability 
to program the expression of foreign genes in non-germ line 
(i.e., non-sperm and egg) cells of an animal or patient. 
Recent advances in molecular biology including the cloning 
of many human genes and the development of viral and 
chemical gene delivery systems have brought us to the 
threshold of somatic gene therapy. All methods of gene 
therapy can be divided into tWo categories: ex vivo gene 
therapy involves the removal of cells from a host organism, 
introduction of a foreign gene into those cells in the labo 
ratory, and reimplantation or transplantation of the geneti 
cally modi?ed cells back into a recipient host. 

[0006] In contrast, in vivo gene therapy involves the 
introduction of a foreign gene directly into cells of a 
recipient host Without the need for prior removal of those 
cells from the organism. There are a number of requirements 
that must be met by any method of gene therapy before it can 
be considered potentially useful for human therapeutics. 
First, one must develop an efficient method for introducing 
the foreign gene into the appropriate host cell. Secondly, it 
Would be preferable to develop systems that program 
expression of the gene only in the appropriate host cell type, 
thus preventing expression of the foreign gene in an inap 
propriate cell. Finally, and most importantly When consid 
ering human gene therapy, the technique must have a 
minimal risk of mutating the host cells and of causing a 
persistent infection of the host organism, a particularly 
important Worry When using virus vectors to introduce 
foreign genes into host cells. This application pertains to 
novel somatic gene therapy for use in heart and skeletal 
muscle Which meets these requirements. 

[0007] A. In Vivo Gene Therapy in Cardiac Myocytes 

[0008] The ability to program recombinant gene expres 
sion in cardiac myocytes enables the treatment of a number 
of inherited and acquired cardiac diseases. Therapeutic 
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applications of this approach can be divided into several 
general categories. First, to correct genetic disorders of 
myocardial cells. For example, injection of the normal 
dystrophin cDNA can be used to correct the defects in 
cardiac contractility seen in patients With Duchenne’s mus 
cular dystrophy. Secondly, to stimulate neW collateral cir 
culation in areas of chronically ischemic myocardium by 
injecting plasmids encoding recombinant angiogenesis fac 
tors directly into the left ventricular Wall. Also, this approach 
can be used to directly study the molecular mechanisms 
regulating cardiac myocyte gene expression both during 
cardiac myogeneses and in a variety of pathophysiologic 
states such as cardiac hypertrophy. 

[0009] As many as 1.5 million patients per year in the US. 
suffer a myocardial infarction (MI). Many millions more 
suffer from syndromes of chronic myocardial ischemia due 
to large and small vessel coronary atherosclerosis. Many of 
these patients Will bene?t from the ability to stimulate 
collateral vessel formation in areas of ischemic myocar 
dium. The direct DNA injection method provides an alter 
native approach to the current methods of coronary artery 
bypass and percutaneous transluminal coronary angioplasty. 
In particular, many patients have such severe and diffuse 
atherosclerosis that they are not candidates for CABG or 
PTCA. Thus far, there has been no approach Which has 
successfully stimulated collateral vessel formation in areas 
of ischemic myocardium. 

[0010] A number of genetic disorders affect myocardial 
performance. For example, many patients With Duchenne’s 
muscular dystrophy also suffer from a cardiomyopathy. In 
addition, it is clear that there are a number of other geneti 
cally-inherited cardiomyopathies of unknoWn etiology. The 
gene injection approach described in this disclosure is useful 
for treating a variety of these inherited disorders of cardiac 
function. For example, injection of vectors containing the 
normal dystrophin gene or cDNA can correct the defect in 
patients With Duchenne’s muscular dystrophy. Some aspects 
of the natural expression of the dystrophin gene in muscle 
from DMD patients are discussed by Scott et al, Science, 
239:1418 (1988). As additional genes for inherited cardi 
omyopathy are identi?ed, these gene products might also be 
injected into hearts in order to correct abnormal cardiac 
function. 

[0011] An understanding of the molecular mechanisms 
that regulate cardiac-speci?c gene expression during both 
normal cardiac development and a variety of pathological 
processes such as cardiac hypertrophy is critical in designing 
rational therapeutic approaches to such problems. Previous 
approaches have all utiliZed in vitro transfection protocols 
into neonatal cardiocytes or transgenic approaches in mice. 
Such studies are complicated by the fact that neonatal 
cardiocytes may not re?ect the in vivo situation and by the 
fact that neonatal cardiocytes have an extremely limited life 
span in tissue culture and cannot be incorporated into the 
heart. Moreover, transgenic approaches are lengthy (requir 
ing 6 months to 1 year) technically difficult and expensive. 
The gene injection approach described in this disclosure 
obviates these problems because it alloWs the stable expres 
sion of recombinant gene products in both neonatal and 
adult cardiac myocytes in vivo in as little as 5 days folloWing 
injection of DNA. 
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[0012] B. EX Vivo Gene Therapy Using Skeletal Myo 
blasts 

[0013] A variety of acquired and inherited diseases are 
currently treated by repeated intravenous or subcutaneous 
infusions of recombinant or puri?ed proteins. These include 
diabetes mellitus, treated With subcutaneous or intravenous 
injections of insulin, hemophilia A, treated With intravenous 
infusions of factor VIII, and pituitary dWar?sm, treated With 
subcutaneous injections of groWth hormone. The develop 
ment of cellular transplantation systems that can stably 
produce and deliver such recombinant proteins into the 
systemic circulation Would represent an important advance 
in our ability to treat such diseases. The ideal recombinant 
protein delivery system Would utiliZe a cell that can be easily 
isolated from the recipient, groWn and transduced With 
recombinant genes in vitro, and conveniently reimplanted 
into the host organism. This cell Would produce large 
amounts of secreted recombinant protein, and folloWing 
secretion, this protein Would gain access to the circulation. 
Finally, such implanted, genetically engineered cells should 
survive for long periods of time and continue to secrete the 
transduced protein product Without themselves interfering 
With the function of the tissue into Which they Were 
implanted. 

[0014] Several different cellular systems have been used to 
produce recombinant proteins in vivo. These include kara 
tinoxytes (M. FloWers et al, PNAS (USA) 87, 2349 (1990)), 
skin ?broblasts (T. D. Palmer, A. R. Thompson, A. D. Miller, 
Blood 73, 438 (1989); R. Scharfmann, J. H. Axelrod, I. M. 
Verma, PNAS (USA) 88, 4626 (1991)), hepatocytes (D. 
Armentary, A. Thompson, G. Darlington, S. Woo, PNAS 
(USA) 87, 6141 (1990); K. P. Ponder et al, PNAS (USA) 88, 
1217 (1991)), lymphocytes Culver et al, PNAS (USA) 
88, 3155, (1991)), and bone marroW DZierZak, T. Papay 
annopoulou, R. Mulligan, PNAS (USA) 87, 439 (1990); M. 
Kaleko, J. V. Garcia, W. R. A. Osborne, A. D. Miller, Blood 
75, 1733 (1990)). Although several of these systems have 
produced detectable levels of circulating proteins, it has 
proven difficult to produce stable, physiological levels of 
circulating recombinant proteins in normal animals. 

[0015] Burnetti et al, J. Biol. Chem, 265:5960 (1990) have 
studied the regulation of myogenin and the events that occur 
When myoblasts transform into myocytes. HoWever, no 
expression of a recombinant DNA sequence Was disclosed. 
Paulson et al, J. Cell Biol., 110:1705 (1990) describes the 
temperature-sensitive expression of all-torpedo and torpedo 
rat hybrid acetylcholine receiptor (AChR in mammalian 
muscle cells. HoWever, this expression of protein Was per 
formed in mouse ?broblasts in culture, and not in vivo. 
Obtaining expression of physiological serum levels of a 
protein through a cellular implant is unrelated to and unsug 
gested by simply obtaining in vitro expression. 

[0016] Pramanik et al, Eur. J. Biochem., 172:355 (1988). 
ShoWed that translation of P-40 mRNA is repressed in 
non-proliferating myotubes by using nuclease S1 mapping 
to quantify the steady-stay levels of P-40 mRNA in subcel 
lular fractions of both myoblasts and myotubes. It Was 
shoWn that the result of the subcellular distribution of this 
mRNA in proliferating myoblasts folloWing inhibition of 
DNA synthesis by citaZene or arabinoside have shoWn that 
translation of P-40 mRNA continued in the absence of DNA 

Jun. 20, 2002 

synthesis. This observation suggests that an additional signal 
is necessary to block the translation of P-40 mRNA in 
myotubes. 
[0017] Arnold et al (J. Biol. Chem. 257:9872 (1982)) 
studied expression of glyceraldehyde-3-phosphate dehydro 
genase mRNA in developing chick heart cells in cultures. 
The gap dehydrogenase mRNA Was present in 5 hour old 
dividing myoblasts. This method is limited to in vitro protein 
expression and does not address the issue of Whether skeletal 
myoblasts Will produce secreted recombinant proteins fol 
loWing differentiation into myotubes. 

SUMMARY OF THE INVENTION 

[0018] Accordingly, one object of the invention is to 
provide a method for expressing physiological levels of 
recombinant proteins so as to treat inherited or acquired 
diseases Which comprises: implanting skeletal myoblasts 
into a patient suffering from said condition, Wherein said 
myoblasts are transformed With a DNA sequence comprising 
a DNA segment encoding a selected gene doWnstream of the 
Rous sarcoma virus long terminal repeat or the expression 
sequence in pRSV to thereby obtain a physiologically effec 
tive level of the gene product of said selected gene in the 
blood. 

[0019] Another object of the invention is to directly trans 
duce cardiac myocytes in vivo With a DNA sequence com 
prising a DNA segment encoding a selected gene doWn 
stream of the Rous sarcoma virus long terminal repeat or the 
expression sequence in pRSV, capable of expressing the 
gene product of said selected gene in the myocardium of the 
host organism. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] FIG. 1—Secretion of hGH over time by the G19 
clone. 

[0021] FIG. 2—Expression of hGH in muscle and serum 
of. C2C12 myoblast-injected mice. 

[0022] FIG. 3—Photomicrographs of BAG-infected 
C2C12 cells and muscle from C3H mice injected With 
BAG-infected C2C12 cells. 

[0023] FIG. 4—Schematic method for introducing for 
eign genes into heart muscle cells. 

[0024] FIG. 5—Photomicrographs shoWing expression of 
[3-galactosidase in heart muscle. 

[0025] FIG. 6—Summary of cardiac injections With the 
[3-gal expression vector. 

[0026] FIG. 7—Capillary groWth after injection of heart 
Wall With a ?broblast groWth factor expression vector. 

[0027] FIG. 8A—Schematic representation of pRSVCAT 
and pRSVgal. 

[0028] FIG. 8B—Transcriptional activity of the RSV LTR 
in rat neonatal cardiocytes in vitro. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0029] A. Skeletal Myoblasts as a Protein Delivery Sys 
tem 

[0030] A novel plasmid vector, pRSV GroWth Hormone 
(pRSVGH) Was constructed by cloning a commercially 
available human groWth hormone gene into a Rous sarcoma 
virus pRSV expression vector constructed in my laboratory. 
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Murine C2C12 myoblasts Were stably co-transfected With 
tWo plasmids: the pRSVGH plasmid containing the 
human growth hormone gene under the control of the Rous 
sarcoma virus long terminal repeat (RSV LTR) and (ii) the 
pRSVneo plasmid Which encodes resistance to the antibiotic 
G418. C2C12 is a continuous cell line that has been shoWn 
to differentiate into non-dividing, multinucleated myotubes 
in vitro. These myotubes express the full complement of 
myo?brillar proteins and display contractile activity. After 
exposure to G418 to select for stable transfectants, 2 out of 
24 clones Were shoWn to produce and secrete relatively high 
levels of hGH in vitro (2.5 and 9 ng/hr/106 cells) and one of 
these, G19, Was expanded for further studies. 

[0031] In an initial series of experiments, the in vitro 
production and secretion of hGH by G19 cells Was quanti 
tated using a sensitive radioimmunoassay (RIA). This assay 
Was linear over a range of hGH concentrations betWeen 0.05 
and 50 ng/ml (FIG. Levels of hGH in the culture 
medium of G19 cells increased in a linear fashion betWeen 
2 and 24 6hours, With a mean rate of production of 12 
ng/hour/ 10 cells (FIG. 1B). After secretion, there Was 
almost no degradation of hGH as evidenced by the ?nding 
that the levels of hGH from culture supernatants of G19 cells 
did not decrease signi?cantly after incubation for 24 hours 
on monolayers of non-transfected C2C12 cells (FIG. 1C). 
FolloWing differentiation into myotubes in vitro, the hGH 
transfected G19 cells continued to secrete hGH at a rate of 
6 ng/hr/106 cells. Thus, non-dividing myotubes retain the 
ability to produce secreted proteins. Finally, the RIA used in 
these experiments Were speci?c for hGH and did not cross 
react With murine GH (FIG. 2B). 

[0032] To determine Whether G19 cells could produce 
circulating levels of hGH in vivo, a total of 6><106 G19 cells 
Were injected intramuscularly into 6 separate sites in the 
loWer limbs of normal 4-Week-old syngeneic C3H mice. 
Control mice received identical injections of F17 cells, a 
G418-resistant clone of C2C12 that does not produce hGH. 
To prevent potential cellular or antibody-mediated immune 
responses by the C3H mice to the human groWth hormone 
produced by the G19 cells, all mice received daily injections 
of cyclosporin A (5 mg/kg, IM). Mice Were killed 5 days or 
3 Weeks after injections, and muscle from the site of 
injection as Well as serum Were assayed for hGH (FIG. 2). 
Muscle lysates from mice injected With the G19 hGH 
producing cells contained 1.01:0.34 ng/ml (mean:S.D.) of 
human groWth hormone at 5 days and 2431097 ng/ml at 3 
Weeks as compared to control-injected mouse muscle Which 
contained 0.01:0.01 ng/ml (P<0.0001). The serum from 
G19-injected animals contained 0.16:0.08 ng/ml and 
0281008 ng/ml of hGH at 5 days and 3 Weeks folloWing 
injection, respectively. These values Were signi?cantly dif 
ferent from those of control mice (0.01:0.02 ng/ml) 
(P<0.0005) at both time points. Thus, hGH expression 
appeared to be stable for at least 3 Weeks in these animals. 

[0033] It Was of interest to compare the levels of hGH in 
the myoblast-inj ected mice to physiological levels of hGh in 
human serum. GH is secreted in a pulsatile fashion in 
humans With normal physiological levels ranging betWeen 
0.1 and 25 ng/ml. Absolute levels of hGH also vary depend 
ing upon the type of sample tested and the particular 
assay-system used. Serum samples from normal human 
volunteers (n=7) contained 0.27101 ng/ml of hGH as com 
pared to 0.28 ng/ml, the mean serum level of hGH in the 

Jun. 20, 2002 

G19-injected mice. Thus, serum from the G19-injected 
animals contained physiological levels of hGH 3 Weeks after 
a single injection of 6><106 hGH-transfected myoblasts. 
Finally, animals Were also injected With 6><106 G19 cells 
Without concomitant immunosuppression With cyclosporin 
A. Serum from these animals (n=4) contained 1.010.25 
ng/ml of hGH 3 Weeks folloWing myoblast injection. Thus, 
immunosuppression does not appear to be necessary for the 
short-term production of recombinant proteins folloWing 
myoblast injection. 
[0034] An important question regarding the long-term 
feasibility of myoblast injections concerns the fate of the 
myoblasts after IM injection. To address this question, C3H 
mice Were injected With C2C12 myoblasts that had been 
previously infected in vitro With the [3-galactosidase 
expressing BAG retrovirus and shoWn to express high levels 
of intracellular [3-galactosidase (FIG. 3A). [3-Galactosidase 
expressing blue C2C12 cells Were observed as clusters 
Within areas of normal muscle (FIGS. 3C-E). Whereas the 
BAG-infected C2C12 myoblasts displayed a mononuclear 
?broblast-like appearance When groWn in high levels of 
serum in vitro (FIG. 3A), folloWing injection many of these 
cells fused into multinucleated myotubes (FIGS. 3C-E) 
similar to those observed after the differentiation of C2C12 
cells by groWth in loW serum in vitro (FIG. 3B). In no case 
Were tumors detected in the muscle or other organs of the 
C2C12 myoblast-injected animals at either 5 days or 3 
Weeks after injection. Moreover, lysates from the non 
injected upper limbs, hearts, livers, kidneys, and lungs of the 
G19-injected animals Were devoid of hGH activity demon 
strating that the injected cells remained localiZed to the site 
of injection. HoWever, because C2C12 is a continuous cell 
line, an accurate assessment of the malignant potential of the 
injected G19 cells Will require long-term folloW-up of these 
animals. Finally, the [3-galactosidase expression seen in vivo 
Was not due to the infection of endogenous muscle With 
helper virus from the BAG-infected C2C12 cells because no 
helper virus could be detected by co-cultivation assays using 
these cells and because retroviruses are unable to infect 
non-dividing cells such as myotubes. Therefore, these 
results shoW that genetically-modi?ed C2C12 cells can 
become incorporated into the injected muscle by differen 
tiating into multinucleated myotubes in vivo. 

[0035] Genetically engineered myoblasts are a useful 
delivery system for recombinant proteins in vivo. These 
cells can produce large amounts of secreted recombinant 
proteins. They can be stably introduced into muscle by 
simple IM injection, and their secreted protein products gain 
access to the circulation. The ?nding that the technique can 
be used to produce detectable levels of hGH is especially 
encouraging given the short half-life of hGH (less than 20 
minutes) as compared With those of other serum proteins. 

[0036] Although all of the studies described above Were 
performed With the immortaliZed C2C12 cell line, identical 
techniques are directly applicable to primary human myo 
blasts. Previous reports have clearly demonstrated that pri 
mary human myoblasts can be readily isolated, expanded in 
vitro, and reinjected into muscle. Like the C2C12 myoblasts, 
normal myoblasts can become incorporated into the injected 
muscle by differentiating into multinucleated myotubes in 
vivo. The unique ?nding of the present invention is that it is 
possible to program the expression of a secreted recombi 
nant protein in myoblasts in vitro and that, folloWing injec 
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tion of these myoblasts into normal animals, they fuse into 
myotubes and continue to produce the secreted recombinant 
protein Which gains access to the circulation. Thus, analo 
gous techniques to those described could easily be used to 
transfect primary myoblasts Which could then be introduced 
by intramuscular injection into normal animals or humans. 

[0037] This same system can express a Wide variety of 
serum proteins such as human factor VIII and factor IX as 
Well as insulin. A number of other cellular implant systems 
have been tried for the production of serum proteins. These 
include keratinocytes and hepatocytes. To our knowledge, 
none of these systems has successfully produced stable and 
physiological levels of a recombinant protein in normal 
animals. 

[0038] B. In vivo Gene Therapy at Cardiac Myocytes 
Following Direct Injection of DNA 

[0039] In another embodiment of the present invention it 
is possible to program recombinant gene expression in 
cardiac myocytes after direct injection of DNA into the left 
ventricular Wall. Functional recombinant protein expression 
in myocytes Was demonstrated directly using an enZymatic 
assay for [3-galactosidase. Recombinant gene expression 
Was observed in myocytes from seven of nine of the injected 
hearts at both 3-5 days and 3-4 Weeks after injection. 
Expression Was patchy and Was observed only in direct 
contiguity With the site of injection. These ?ndings have 
several implications regarding both the use of this method 
for somatic gene therapy in the heart and the biology of 
recombinant DNA uptake and expression in muscle cells. 

[0040] The technique of somatic gene therapy using direct 
DNA injection into myocardium has several advantages 
compared With other previously described methods of gene 
therapy. First, infectious viral vectors are not required, 
eliminating the possibility of persistent infection of the host. 
Second, a previous study (Wolff J A, Malone R W,. Williams 
P, Chong W, Acsadi G, Jani A, Felgner P L: Direct gene 
transfer into mouse muscle in vivo. Science 1990;247:1465 
1468) has suggested that recombinant DNA taken up and 
expressed in skeletal myocytes persists as an episome and 
therefore does not have the same potential for host cell 
mutagenesis as do retroviral vectors that integrate into the 
host chromosome. Finally, this method does not require the 
groWth of recipient cells in vitro, a requirement that Would 
render transfection on nondividing cardiac myocytes par 
ticularly difficult. 

[0041] Direct injection of recombinant DNA into the myo 
cardium is useful for the treatment of many acquired and 
inherited cardiovascular diseases in particular, by stimulat 
ing collateral circulation in areas of chronic myocardial 
ischemia by expressing recombinant angiogenesis factors 
locally in the ventricular Wall. 

[0042] We have demonstrated that a recombinant bacterial 
[3-galactosidase gene under the control of the Rous sarcoma 
virus promoter can be introduced into and expressed in adult 
rat cardiac myocytes in vivo by the injection of puri?ed 
plasmid DNA directly into the left ventricular Wall. Cardiac 
myocytes expressing the recombinant [3-galactosidase activ 
ity have been detected histochemically in rat hearts for at 
least six months folloWing injection of the recombinant 
[3-galactosidase gene. Rats have noW been injected With the 
[3-galactosidase gene for studies of the stability of expres 
sion at one year post-injection. 
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[0043] The method that We have used for introducing 
foreign genes into heart muscle cells is shoWn schematically 
in FIG. 4. The method is most remarkable for its simplicity. 
A concentrated solution of genetic material (DNA) contain 
ing a single cloned gene is injected directly into the beating 
heart Wall in normal six-Week-old rats. The particular cloned 
gene that Was used in all of our initial studies is a bacterial 
gene called [3-galactosidase. We chose this gene because it 
is not normally expressed in heart cells. HoWever, folloWing 
injection of the DNA, We can detect its expression using a 
simple stain that turns cells that are expressing [3-galactosi 
dase blue. We Were quite surprised to ?nd that folloWing 
injection into a normal rat heart, the [3-galactosidase gene 
Was taken up and expressed in heart muscle cells (FIG. 5). 
Thus, one can see areas of blue staining that correspond to 
the site of DNA injection and that represent upon high poWer 
magni?cation, expression of the [3-galactosidase gene in 
cells that are easily identi?ed as cardiac muscle by their 
striated pattern of appearance. It should be emphasiZed that 
the only cells that We have ever observed to take up and 
express the DNA are heart muscle cells. We have never 
observed expression in other cells in the heart such as 
?broblasts or the cells lining the heart blood vessels. As 
shoWn in FIG. 6, more than 75% of the hearts receiving the 
injected DNA express the foreign gene, and this expression 
is stable for periods of at least six months. 

[0044] This method enables neW blood vessel groWth in 
areas of the heart that are currently not receiving suf?cient 
blood or oxygen. Several million Americans are currently 
afflicted With atherosclerotic narroWings of the coronary 
arteries or blood vessels supplying the heart. In order to 
directly stimulate neW blood vessel groWth in areas of the 
heart that are not receiving suf?cient blood because of 
coronary atherosclerosis, We have injected rat hearts With an 
angiogenesis factor gene, ie a gene called ?broblast groWth 
factor (FGF-S), that stimulates neW blood vessel groWth. 
FolloWing injection of FGF-5 DNA, We Were able to shoW 
a 30-40% increase in the number of capillaries in the 
injected heart Wall as compared to hearts injected With 
control DNA solutions (FIG. 7). Microscopic examination 
revealed that the structure of the capillaries in the injected 
hearts Was normal, thus suggesting that these neW capillaries 
can supply increased blood How to the heart. 

[0045] Rats have been injected With a plasmid-encoding 
human ?broblast groWth factor-5 (hFGF-S) in an attempt to 
stimulate angiogenesis or collateral blood How in the adult 
rat heart. Rats Were sacri?ced at 3 Weeks folloWing injection 
and capillary density Was measured by computeriZed light. 
microscopy. Rats injected With control vectors displayed 
approximately 2300 capillaries/mm2 at the site of injection. 
In contrast, ?ve animals injected With the FGF-S expression 
vector displayed a 30-40% increase in capillary density With 
mean capillary densities of approximately 3400/mm2 
(p<0.001). Thus, direct injection of a ?broblast groWth 
factor-5 expression vector stimulates collateral vessel for 
mation in areas of injected myocardium. 

[0046] In order to demonstrate recombinant gene expres 
sion in myocardium, a novel plasmid vector Was constructed 
in Which the bacterial [3-galactosidase gene from the PMSV 
[3-gal vector Was cloned immediately doWnstream of the 
Rous sarcoma virus long terminal repeat This vector 
Was shoWn to produce high-level gene expression in rat 
neonatal cardiac myocytes folloWing transfection in tissue 
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culture. In order to introduce this plasmid into rat cardiac 
myocytes in vivo, 250 g Sprague-DaWley rats Were anes 
thetiZed With pentobarbital plus ketamine, incubated, and 
ventilated With a Harvard respirator. A left lateral thorac 
otomy Was performed to expose the beating heart and 100 
mg of PRSV [3-gal plasmid DNA in 100 ml of phosphate 
buffered saline, plus 5% sucrose Was injected into the apical 
portion of the beating left ventricle using a 30 gauge needle. 
Wounds Were closed and animals Were alloWed to recover 
for three days to four Weeks. Animals Were sacri?ced and 
hearts Were removed, ?xed With glutaraldehyde and stained 
With X-gal for detection of the [3-galactosidase protein. In 
additional experiments, a plasmid vector in Which the 
human ?broblast groWth factor-5 cDNA is under the tran 
scriptional control of the Rous sarcoma virus promoter has 
been constructed and injected into rat hearts using a similar 
technique. 
[0047] It should be noted that the pRSV LTR used in these 
experiments is derived from a chicken virus. Previous stud 
ies have demonstrated that this element is very active in 
skeletal and cardiac muscle from a large number of species 
including human, mouse, and rat in vitro. Therefore, the 
results obtained With this expression vector in vivo in rats 
and mice should be directly applicable to humans since this 
element is transcriptionally active in human cells. 

[0048] To increase transduction frequencies, similar injec 
tions into ischemic myocardium and injections With DC 
electrical countershock can be used. Additional vectors 
utiliZing our recently-described cardiac Troponin C pro 
moter/enhancer increase levels of recombinant gene expres 
sion. 

[0049] Other features of the invention Will become appar 
ent in the course of the folloWing examples Which are given 
for illustration of the invention and are not intended to be 
limiting. 

EXAMPLES 

[0050] Cell Culture and Transient Transfections 

[0051] Neonatal rat cardiac myocytes Were isolated from 
1-2-day-old Sprague-DaWley rats (Charles River Laborato 
ries, Wilmington, Mass.) by collagenase digestion (Engel 
mann et al J. Mol Cell Cardiol. 1988; 20:169-77). This 
method results in the isolation of more than 90% cardiac 
myocytes. TWenty-four hours after isolation, 1><106 freshly 
isolated myocytes in a 60-mm collagen-coated dish (Col 
laborative Research Inc., Waltham, Mass.) Were transfected 
With 15 pg of cesium chloride gradient-puri?ed chloram 
phenicol acetyl transferase (CAT) reporter plasmid DNA 
plus 5 pg of pMSV[3gal reference plasmid DNA as folloWs: 
20 pg of plasmid DNA Was resuspended in 1.5 ml of 
Opti-MEM (GIBCO, Grand Island, NY.) and added to 1.5 
ml of Opti-MEM containing 50 pl of lipofectin reagent 
(BRL, Gaithersburg, Md.). The resulting mixture Was added 
to one 60-mm plate of cardiac myocytes. After 5 hours at 37° 
C. in 5% CO2, 3 ml of Medium 199 plus 5% fetal bovine 
serum (FCS) (GIBCO) Was added to the cells, and the 
mixture Was incubated at 37° C. for 48 hours. Cell extracts 
Were prepared and normaliZed for protein content using a 
commercially available kit (Biorad, Richmond, Calif.). CAT 
and [3-galactosidase assays Were performed as previously 
described. Parmacek MS, Bengur AR, Vora AJ, Leiden JM: 
J Biol Chem 1990 (in press). 
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[0052] Plasmids 

[0053] The promoterless pSVOCAT plasmid (Gorman 
CM, Moffat LF, HoWard BH: Recombinant genomes Which 
express chloramphenicol acetyl-transferase in mammalian 
cells. Mol Cell Biol 1982;77:1432-1436) and the pRSVCAT 
(Gorman C, Padmanabhan R, HoWard BH: High ef?ciency 
DNA-mediated transformation of primate cells. Science 
1983;221:551-553) plasmid in Which transcription of the 
bacterial CAT gene is under the control of the RSV promoter 
have been described previously. The pRSV[3 gal plasmid Was 
constructed by cloning the 4.0-kb [3-galactosidase gene from 
pMSV[3gal (Donoghue M, Ernst H. WentWorth B, Nadal 
Ginard B, Rosenthal N: A muscle-speci?c enhancer is 
located at the 3‘ end of the myosin light-chain 1/3 gene locus. 
Genes Dev 1988:2:1779-1790) into HindIII/BamHI-di 
gested pRSVCAT (FIG. 8). 
[0054] Injection of Recombinant DNA In Vivo 

[0055] Six- to 11-Week-old 250-g Sprague-DaWley rats 
Were housed and cared for according to National Institutes 
of Health guidelines in the ULAM facility of the University 
of Michigan Medical Center. Rats Were anesthetiZed With 20 
mg/kg pentobarbitol ip and 60 mg/kg ketamine i.m., intu 
bated, and ventilated With a Harvard (Harvard Apparatus, 
South Natick, Mass.) respirator. A left lateral thoracotomy 
Was performed to expose the beating heart, and 100 pg of 
plasmid DNA in 100 pl of phosphate-buffered saline (PBS) 
containing 5% sucrose (PBS/sucrose) Was injected into the 
apical portion of the beating left ventricle using a 30-g 
needle. Control animals Were injected With 100 pl of PBS/ 
sucrose alone. The animals Were killed 3-5 or 21-30 days 
after injection by pentobarbitol euthanasia; hearts Were 
removed via a median sternotomy, rinsed in ice-cold PBS, 
and processed for [3-galactosidase activity. 

[0056] Histochemical Analysis 

[0057] Three-millimeter cross sections of the left ventricle 
Were ?xed for 5 minutes at room temperature With 1.25% 
glutaraldehyde in PBS, Washed three times at room tem 
perature in PBS, and stained for [3-galactosidase activity 
With X-gal (Biorad) for 4-16 hours as described by Nabel et 
al. (Nabel E G, PlautZ G, Boyce F M, Stanley J C, Nabel G 
J: Recombinant gene expression in vivo Within endothelial 
cells of the arterial Wall. Science 1989;244:1342-1344). The 
3-mm sections Were embedded With glycomethocyrlate, and 
4-7 pm sections Were cut and counterstained With hema 
toxylin and eosin as described previously. (Nabel E G, 
PlautZ G, Boyce F M, Stanley J C, Nabel G J: Recombinant 
gene expression in vivo Within endothelial cells of the 
arterial Wall. Science 1989;244:1342-1344). Photomicros 
copy Was performed using Kodak Ektachrome 200 ?lm and 
LeitZ Laborlux D and Wild M8 microscopes. 

[0058] RSV LTR Promotes High-Level Gene Expression 
in Rat Neonatal Cardiocytes In Vitro 

[0059] To test the transcriptional activity of the RSV LTR 
in rodent cardiac myocytes, the pRSVCAT vector (Gorman 
C, Padmanabhan R, HoWard B H: High ef?ciency DNA 
mediated transformation of primate cells. Science 
1983;221:551-553) in Which expression of the bacterial CAT 
gene is under the control of the RSV LTR Was transfected 
into primary neonatal rat cardiac myocytes using lipofectin. 
TWo days after transfection, the cultures Were harvested and 
assayed for CAT activity. All transfections also contained 5 
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pg of the pMSVBgal plasmid to correct for differences in 
transfection ef?ciencies. The RSV LTR Was able to increase 
transcription of the CAT gene 87-fold compared With the 
promoterless pSVOCAT control plasmid. The pRSVCAT 
transfected cardiac myocyte extracts produced 95% acety 
lation in a standard thin-layer chromatography assay. By 
comparison, identically prepared extracts of 3T3 or HeLa 
cells transfected With this same vector produced 22% and 
35% acetylation, respectively. Because the activities of 
cotransfected pMSVBgal reference plasmids Were almost 
identical in all three transfections, these results demon 
strated that the RSV LTR programs high-level transcription 
in primary cardiac myocytes in vitro. 

[0060] The ability to unambiguously identify the cell 
types that are expressing recombinant gene products is an 
important requirement of all animal models of gene therapy. 
Because the bacterial [3-galactosidase reporter gene (but not 
the bacterial CAT gene) alloWs direct histological visualiZa 
tion of recombinant gene expression, We constructed a 
pRSV[3gal vector in Which bacterial [3-galactosidase gene 
expression is regulated by the RSV LTR promoter for further 
studies of recombinant gene expression in vivo (FIG. 11). 

[0061] Exression of [3-Galactosidase Gene in Rat Cardiac 
Myocytes After Injection of pRSV[3gal DNA Into the Left 
Ventricular Wall In Vivo 

[0062] 100 pg of pRSV[3 gal DNA Was resuspended in 100 
pl of PBS containing 5% sucrose (PBS/sucrose) and injected 
via a 30-g needle directly into the beating left ventricular 
Wall of 6-11-Week-old Sprague-DaWley rat hearts. Control 
rats received injections of 100 pl of PBS/sucrose Without 
DNA. Rats Were killed either 3-5 days or 3-4 Weeks after 
injection, and hearts Were ?xed and stained for [3-galactosi 
dase activity. [3-Galactosidase activity as manifested by 
dark-blue staining Was readily apparent to the naked eye in 
sections of three of four of the pRSV[3gal-injected hearts at 
3-5 days and four of the pRSV[3gal-injected hearts and 3-4 
Weeks after DNA injections. This staining, Which Was focal 
and patchy, occurred only in a single area of each heart 
injected With pRSV[3gal DNA and Was not seen in ?ve 
control hearts injected With PBS/saline alone. Failure to 
observe staining in tWo of nine of the pRSV[3gal-injected 
hearts may have been due to the lack of DNA uptake or 
expression in these hearts or, more likely, to technical 
dif?culties in successfully centering and anchoring the 
needle in the relatively thin beating left ventricular Wall 
during the injection process. 

[0063] Because the normal ventricular Wall contains both 
myocytes and ?broblasts and because the injection of DNA 
might be expected to cause a localiZed in?ammatory 

Jun. 20, 2002 

response, it Was important to determine Which cell types 
Were expressing the recombinant [3-galactosidase gene. His 
tochemical analysis of sections from hearts injected With the 
pRSV[3 gal DNA clearly demonstrated [3-galactosidase activ 
ity Within cardiac myocytes that Were easily identi?ed by 
their myo?brillar architecture. BetWeen one and 10 posi 
tively staining myocytes Were seen per high-poWer ?eld, and 
these Were often noncontiguous, suggesting that the uptake 
of DNA and/or its expression is a relatively loW-frequency 
event. Because it Was dif?cult to accurately identify the 
extent of DNA injection and because the positively staining 
area Were quite focal and patchy, it Was impossible to 
accurately quantitate either the percentage or the total num 
ber of cells expressing recombinant [3-galactosidase activity 
in a given heart. HoWever, it is clear that only a small 
fraction of cardiac myocytes expressed the recombinant 
protein. In addition, it is Worth noting that sections from the 
3-5 day postinjection hearts often shoWed evidence of an 
acute in?ammatory response along the track of the needle 
and that in several cases ?brosis along the needle track Was 
observed in sections from 34-week postinjection hearts. 

[0064] Having noW fully described the invention, it Will be 
apparent to one of ordinary skill in the art that many changes 
and modi?cations can be made thereto Without departing 
from the spirit or scope of the invention as set forth herein. 

What is claimed as neW and desired to be secured by Letters 
Patent of the United States is: 
1. A method for expressing a protein Which comprises: 

transforming skeletal myoblasts or cardiac myocytes With a 
DNA sequence comprising a DNA segment encoding a 
selected gene doWnstream of the Rous sarcoma virus long 
terminal repeat or the expression sequence in pRSV. 

2. The method of claim 1 further comprising implanting 
said skeletal myoblasts into a recipient Which then expresses 
a physiologically effective serum level of said protein. 

3. The method of claim 1 Wherein said cardiac myocytes 
are transformed in vivo. 

4. A skeletal myoblast or a cardiac myocyte transformed 
With a DNA sequence comprising a DNA segment encoding 
a selected gene doWnstream of the Rous sarcoma virus long 
terminal repeat or the expression sequence in pRSV, capable 
of expressing the gene product of said selected gene in vivo. 

5. The cardiac myocyte of claim 4 Which has been 
transformed in vivo by injection of said DNA sequence 
directly into heart muscle. 

6. The skeletal myoblast of claim 4 Which has been 
implanted in a recipient and expresses a physiologically 
effective amount of said gene product. 

* * * * * 


