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ABSTRACT 

Hepatic gene therapy could improve the treatment of many inherited disorders. Although retroviral vectors 
result in long-term expression in hepatocytes in vivo, their low level of expression currently precludes most 

clinical applications. Four copies of the liver-specific apolipoprotein E (ApoE) enhancer were placed upstream 
of the h u m a n ai-antitrypsin (hAAT) promoter in either orientation into a retroviral vector with a complete 

long terminal repeat (LTR) and the h A A T c D N A to generate ApoE(-l-)hAAT-LTR and ApoE(-)hAAT-LTR. 

In addition, the ApoAI promoter was placed upstream of the h A A T c D N A in a similar retroviral vector back­

bone. Amphotropic retroviral vectors were transferred into regenerating rat liver cells in vivo by intraportal 
injection. A p o E ( - ) h A A T - L T R and ApoE(-l-)hAAT-LTR led to average h A A T levels of 5 /tg/ml (0.5% of nor­

mal levels of a very abundant protein), and 2.5 /tg/ml, respectively, which was stable for at least 10 months 
after transduction. This level of serum h A A T was >25-fold higher than what was observed from the ApoAI 

promoter used in this study. Serum levels of h A A T were > 15-fold higher than what was observed from retro­

viral vectors containing the h A A T c D N A that were analyzed previously by this lab. In some cases, improved 
expression was due to the promoter chosen. In other cases, the increase in expression was primarily due to 

the higher titers obtained by using a retroviral backbone with an intact L T R as opposed to a vector with a 

deletion in the L T R . The increased expression levels observed from this enhancer/promoter combination in 

an intact retroviral backbone m a y enable one to achieve therapeutic levels of clinically important genes from 

a retroviral vector in liver cells of animals. 

O V E R V I E W S U M M A R Y icantly improve the overall levels of expression of other clin­
ically important genes from retroviral vectors that have 

Low levels of expression from retroviral vectors in vivo are been transferred into liver cells by using ex vivo or in vivo 
a limiting factor in the successful application of gene ther- techniques. 
apy to the treatment of genetic disorders. Three retroviral 
vectors containing liver-specific transcriptional elements 
were tested for their ability to direct expression of the serum I N T R O D U C T I O N 
protein human apantitrypsin (hAAT) gene from rat liver 
cells. The apolipoprotein E enhancer-hAAT promoter com- T iver-directed gene therapy could revolutionize treat-
bination resulted in high-level expression of the hAAT re- J-iments for inherited hematologic and metabolic disorders 
porter gene in vivo when placed into a retroviral vector with such as phenylketonuria, human apantitrypsin (hAAT) defi-
an intact LTR. The level ofserum h A A T observed was > 15- ciency, familiar hypercholesterolemia (FH), and hemophilia. 
fold higher than what was observed with all previously Although both adenoviral vectors and plasmid DNAs have been 
tested retroviral vectors. This retroviral vector may signif- expressed from hepatocytes in animals (Ledley, 1993), only 
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retroviral vectors result in stable expression. Both in vivo and 
ex vivo approaches have been used to transfer retroviral vectors 
into mammalian hepatocytes. In vivo delivery of retroviral vec­
tors has been accomplished by induction of liver cell replica­
tion by performing a partial hepatectomy and injection of retro­
virus into the liver via a closed perfusion system (Ferry el al, 
1991; Rozga et al, 1992; Cardoso et al, 1993), simple injec­
tion into the portal vein (Hatzoglou el al, 1990; Kay et al, 
1992b, 1993; Rettinger e? a/., 1993, 1994; Kolodka ef a/., 1993, 
1995; Hafenrichter et al, 1994), or direct injection into the liver 
parenchyma (Kaleko et al, 1991). Although long-term expres­
sion of h A A T (Kay et al, 1992b; Kolodka el al. 1993; Rettinger 
et al, 1994; Hafenrichter et al, 1994) and Factor IX (RX; Kay 
et al, 1993) has been achieved in rats, mice, and dogs by using 
in vivo hepatic gene therapy, the level of expression is subther­
apeutic at <0.1% of normal. Because the transduction efficiency 
was as high as 1 0 % in some of these studies, these results sug­
gested that the expression per provims was low. 

The e.v vivo approach requires hepatocyte harvest, in vitro 
transduction with a retrovirus, and reimplantation via the por­
tal vein (Chowdhury et al, 1991; Kay etal, 1992a; Grossman 
et al, 1994). This approach has been successfully used to trans­
fer a low-density lipoprotein (LDL) receptor gene into the 
Watanabe rabbit, an animal model for FH, resulting in a par­
tial decline in the serum cholesterol (Chowdhury et al, 1991). 
Ex vivo retrovirus-mediated hepatic gene therapy is currently 
being used to treat human patients with FH. Although a 19% 
decline in the serum cholesterol was noted in one patient 
(Grossman et al, 1994), it is unlikely that this decrease will 
prevent the development of atherosclerosis (Brown et al, 1994). 
A possible reason for this inadequate response is that expres­
sion from the ;S-actin promoter used in this study was low in 
vivo. The marked discrepancy between the number of trans­
duced cells retumed to the patient and the frequency of posi­
tive cells identified by in situ hybridization analysis suggests 
that the expression was below detectable levels in most trans­
duced cells (Grossman el al, 1994). 

Increased expression from a retroviral vector will be critical 
for the successful application of hepatic gene therapy techniques 
in humans regardless of the delivery system chosen. Although 
viral promoters such as the retroviral long terminal repeat (LTR) 
and the cytomegalovirus (CMV) promoter are quite active in 
primary hepatocytes in vitro (Ponder et al, 1991), they are ex­
pressed at low levels from hepatocytes in animals (Kaleko et 
al, 1991; Kay el al, 1992a,b; Rettinger el al, 1994). A simi­
lar inactivity of viral promoters has been observed in fibroblasts 
in vivo (Palmer et al, 1991; Scharfmann et al, 1991). This in­
activity might reflect an absence of positive-acting transcrip­
tion factors in mitogenically quiescent cells of animals, or the 
presence of inhibitors of transcription. Although ubiquitously 
expressed cellular promoters led to long-term expression from 
a retroviral vector in hepatocytes (Rettinger et al, 1994) and 
fibroblasts (Scharfmann et al, 1991) in vivo, expression re­
mained low. 

A logical approach to increase expression from a retroviral 
vector in hepatocytes in vivo is to utilize liver-specific pro­
moters and enhancers. Kay et al. (1992b) determined that an 
albumin promoter/enhancer was stronger in vivo than the C M V 
promoter, although it underwent an as yet unmapped 2-kb dele­
tion while being amplified in the packaging cells (Mark Kay, 

personal communication), and the overall expression was still 
relatively low. W e recently determined that the human a; an­
titrypsin promoter was expressed at higher levels in vivo than 
the albumin, phosphoenolpyruvate carboxykinase, LTR, and 
Pol II promoters, after normalization to the number of copies 
delivered (Hafenrichter et al, 1994). A caveat to this result was 
the fact that the h A A T promoter was in a retroviral vector with 
a deletion in the 3' enhancer, resulting in a packaging cell line 
of low titer. The purpose of this study was to confirm that the 
h A A T promoter would result in high-level expression from an 
enhancer-intact retroviral vector of high titer, and to attempt to 
further increase expression by adding the strong liver-specific 
apolipoprotein E (ApoE) enhancer (Schachter et al, 1993; 
Simonet et al, 1993) upstream of the h A A T promoter. Finally, 
the apolipoprotein AI (ApoAI) promoter (Sastry el al, 1988; 
Walsh el al, 1989) was also tested for its ability to be expressed 
from a retroviral vector in vivo. 

MATERIALS AND METHODS 

Construction of retroviral vectors 

ApoE(-h)hAAT-LTR and ApoE(-)hAAT-LTR: LTR-hAAT 
(Hafenrichter et al, 1994) is derived from LNL-6 (Miller and 
Rosman, 1989), a Moloney murine leukemia virus (MoMLV)-
based retroviral vector. hAAT-LTR was generated by cloning 
the 403-bp h A A T promoter upstream of the h A A T c D N A of 
LTR-hAAT, as described previously (Hafenrichter et al, 1994). 
pJS-406 (Jonathan Smith, Rockefeller University) contains four 
copies of the 156 bp ApoE enhancer (Schachter et al, 1993). 
The 650-bp insert was removed from pJS-406 by Kpn I diges­
tion, and cloned into the Kpn I site of pSP72 (Promega, Madison 
WI) to create ApoE-SP72. The orientation of the insert was de­
termined by D N A sequencing with T7 and SP6 primers. After 
Bgl II and Bam HI digestion of ApoE-SP72 (cuts on either end 
of the insert in the polylinker), the 700-bp fragment was cloned 
into the Bgl II site upstream of the h A A T promoter of hAAT-
LTR in both orientations, to create ApoE(-l-)hAAT-LTR and 
ApoE(-)hAAT-LTR. 

ApoAl-LTR: p256-AI-CAT contains the 256-bp human 
ApoAI promoter (Sastry et al, 1988). p256-AI-CAT was di­
gested with Hga I (cuts at -1-5 relative to the transcription ini­
tiation site) and blunt-ended by the Klenow fragment of D N A 
polymerase. After digestion with Kpn I (cleaves at the 5' end 
of the promoter), the 261-bp D N A fragment was cloned into 
the Kpn I and Sma I sites of pSP72 to generate ApoAI-SP72. 
ApoAI-SP72 was digested with Bam HI, which cuts on both 
sides of the promoter, and the 270-bp ApoAI promoter was 
cloned into the Bgl II site of LTR-hAAT to generate ApoAI-
LTR. 

Creation of Retroviral Producer Cell Lines: The am­
photropic G P -I- envAM12 murine fibroblast (Markowitz et al, 
1988) and NIH-3T3 fibroblast (Jainchill et al, 1969) lines were 
maintained in Dulbecco's modified Eagle's medium ( D M E M ) . 
The mouse hepatoma line Hepa 1A (Dariington, 1987) was 
maintained in 7 5 % minimal essential medium with 2 5 % 
Waymouths M A B medium ( M E M ) . Complete media contained 
1 0 % supplemented heat-inactivated calf serum (Hyclone 
Laboratories, Logan, UT), penicillin (100 U/ml), and strepto-
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mycin (100 ̂ ig/ml) (DMEM). After calcium phosphate trans­
fection of GP -I- A M 12 cells with retroviral vector DNAs 
(Miller and Rosman, 1989), cells were selected for 14 days with 
complete D M E M containing 250 n M methotrexate (Mtx) and 
dialyzed calf serum (Sigma Chemical, St. Louis, M O ) . 
Approximately 50 Mtx-resistant (Mtx®) clones were screened 
for their relative titers by infection of NIH-3T3 cells and quan­
titation of h A A T protein in the supernatant of the transduced 
cells, as described previously (Hafenrichter et al, 1994; 
Rettinger el al, 1994). 

In vitro transduction of NIH-3T3 and HepalA cells 
with retroviral vectors containing liver-specific 
promoters 

Conditioned medium from confluent retroviral packaging 
cells was filtered through a Q.A5-pm filter and polybrene was 
added to a final concentration of 8 pglml. Various dilutions of 
the conditioned medium were added to 20,000 NIH-3T3 or 
Hepa IA cells present on a 24-well plate at 5 0 % confluency. 
Forty-eight hours later, the transduced cells were trypsinized 
and the entire contents transferred to a 10-cm plate in complete 
medium containing 250 n M Mtx. After 14 days of selection, 
colonies were counted to determine the Mtx® retroviral titer, 
pooled together, and cultured to confluency. Pools of transduced 
cells were analyzed for h A A T production by culturing the cells 
for 6 hr and assaying the medium for h A A T by ELISA. After 
collection of the supematants, the transduced cells were 
trypsinized, counted on a hemocytometer, and used to obtain 
R N A for further analysis, as described previously (Hafenrichter 
et al, 1994; Rettinger el al, 1994). 

In vivo Hepatocyte Transduction Protocol: Adult male 
Sprague Dawley rats (Harlan Sprague Dawley, Inc., 
Indianapolis, IN) weighing 200-275 grams, received standard 
NIH and institutional approved care with Purina rodent chow 
and tap water ad libitum. Rats received a 7 0 % partial hepatec­
tomy as described (Hafenrichter et al, 1994; Rettinger et al, 
1994). Twenty-four hours later, conditioned medium was col­
lected from packaging cells and concentrated by ultracentrifu­
gation. Polybrene was added to a final concentration of 8 pglml, 
and in vivo hepatocyte transduction accomplished by portal vein 
injection of the retrovims without occlusion of the distal por­
tal vein or hepatic artery. 

Northern Blot Analysis: Ten micrograms of R N A was elec­
trophoresed on a 1 % agarose gel in the presence of formalde­
hyde (Sambrook et al, 1989), and transferred to an Optitran ni­
trocellulose membrane (Schleicher and Schuell, Keene, N H ) . 
One lane was cut from the gel and stained with ethidium bro­
mide to identify the position of 18S (2 kb) and 28S (5 kb) rRNA. 
Membranes were hybridized with the 1.3-kb h A A T c D N A 
probe labeled to a specific activity of 3 X 10' cpm/jixg D N A by 
random primer extension (Sambrook et al, 1989). 

P C R Amplification of Proviral D N A Sequences: A 30-cycle 
multiplex P C R technique was employed, using one primer set 
that amplified proviral (IRES) D N A and one primer set that 
amplified the rat genomic liver fatty acid binding protein 
(LFABP) D N A , as described previously (Hafenrichter et al, 
1994; Rettinger et al, 1994). Amplified D N A was elec­
trophoresed through a 2 % agarose/1 X Tris-ammonium acetate 
gel, transferred to an Optitran nitrocellulose membrane, and hy­

bridized with a 217-bp Hind lll/Kpn I fragment of the IRES la­
beled by random primer extension. After quantitation, the mem­
brane was stripped and reprobed with a radiolabeled 620-bp 
L F A B P probe. Radioactivity was quantitated on a Betascope 
630 two-dimensional Beta counter (Betagen, Waltham, M A ) . 

RESULTS 

Development of retroviral vectors containing 
liver-specific promoters 

In an attempt to identify transcriptional elements that func­
tion well from a retroviral vector in vivo, the ApoAI promoter 
(Sastry et al, 1988; Walsh et al, 1989) was placed directly up­
stream of the h A A T c D N A in a retroviral vector designated 
ApoAI-LTR, and the ApoE enhancer (Shachter et al, 1993; 
Simonet et al, 1993) was placed in either orientation upstream 
of the h A A T promoter to create ApoE(-I-)hAAT-LTR and 
ApoE( —)hAAT-LTR, as shown in Fig. 1. The plus designates 
an orientation identical to that observed for the endogenous 
gene, where the minus refers to the opposite orientation. The 
LTR indicates that the complete L T R from LNL-6 (a hybrid 
between the M o - M L V and the Moloney murine sarcoma virus) 
was present in the 3' position, in contrast to some previous stud­
ies in which an enhancer-deleted L T R was used (Hafenrichter 
et al, 1994). All vectors contain the h A A T c D N A as a reporter 
gene and a mutant dihydrofolate reductase (*DHFR) gene, 
which confers Mtx resistance. Translation of * D H F R from the 
downstream position of a dicistronic m R N A is initiated by the 
intemal ribosome entry site (IRES) sequence (Ghattas et al, 
1991). 

All three retroviral vectors were transfected into G P -I-
A M 1 2 amphotropic retroviral packaging cells and high titer 
clones isolated. In vitro Mtx® titers for the clones utilized in 
this study varied from 1 to 10 X 10^ cfu/ml, as summarized in 
Table 1. The constructs containing the ApoE enhancer upstream 
of the h A A T promoter resulted in the production of 50—75 ng 

ApoAl-LTR 
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'J^Vi hAAT IRES *DHFR LTR 
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FIG. 1. Retroviral vectors containing liver-specific tran­
scriptional elements. Transcriptional elements were placed im­
mediately upstream of the h A A T c D N A in a retroviral vector 
that also contained an IRES upstream of the * D H F R gene. 
Arrows indicate that transcription can initiate from the L T R or 
the intemal promoter, with the size of the transcript indicated 
on the right. Either transcript results in an m R N A that can be 
translated into both proteins. 



640 OKUYAMA ET AL. 

Retroviral 
vector 

Apo AI-LTR 
ApoE(-)hAAT-LTR 
ApoE(-F)hAAT-LTR 

Table 1. In Vitro Evaluation of Retroviral Vectors 

Mlx'^ Uter 

1 X 10^ cfu/ml 
10 X 10^ cfu/ml 
4 X 10^ cfu/ml 

Expression in 
N1H-3T3 cells 

(ngl24 h per million cells) 

155 ± 29.8 
75.3 ± 7.9 
74.5 ± 5.2 

Expression in 
HepalA cells 

(ngl24 h per million cells) 

93 ± 1 
71 ± 6.6 
59 ± 8.3 

Mtx"* titers for each retroviral vector were tested on NIH-3T3 cells. Pools of singly transduced N1H-3T3 and HepalA cells 
were obtained and grown to confluence. A timed collection was analyzed for h A A T production and normalized to cell number. 
Data is presented as the average ± SEM. 

of hAAT/24 hr per million cells in pools of singly transduced 
NIH-3T3 and HepalA cells. The ApoAI-LTR construct resulted 
in expression that was slighdy higher in both cell lines. These 
levels of expression are similar to that observed for other retro­
viral vectors containing an identical backbone but different in­
temal promoters (Hafenrichter et al, 1994; Rettinger et al, 
1994). 

Long-term expression of retroviral vectors after in 
vivo transduction of rats 

The expression from these retroviral vectors in the liver in 
vivo was determined. Conditioned medium from each packag­
ing cell line was used to transduce regenerating rat liver cells 
in vivo. Semm was obtained from transduced rats and analyzed 
in duplicate for h A A T levels by ELISA (Hafenrichter el al, 
1994; Rettinger et al, 1994), as shown in Fig. 2A. h A A T was 
undetectable in all rats prior to transduction, demonstrating the 
specificity of the antibody for the human protein. The 
ApoE(-)hAAT retroviral vector led to the highest level of ex­
pression, with an average serum h A A T of 5 pglm\. The con­
stract in which the apo E enhancer was inserted in the oppo­
site orientation [ApoE(-l-)hAAT-LTR] led to slightly lower 
average expression at 2.5 /xg/ml. Expression in ApoAI-LTR-
transduced rats was considerably lower, with an average of 0.1 
pglml. Expression in all rats was stable for 14 weeks. To as­
sess the longevity of expression better, the 3 rats with the high­
est level of expression from each of the ApoE enhancer-con­
taining vectors were followed longer. As shown in Fig. 2B, all 
6 maintained stable levels of serum h A A T for up to 10 months 
after transduction. 

Analysis of RNA from cells transduced in vitro and in 
vivo with retroviral vectors 

The retroviral vectors used in this study contain an intemal 
promoter and the LTR promoter. Identification of which pro­
moter functions in vivo may further our understanding of how 
promoters function from retroviral vectors in animals. The 
Northem blot analysis shown in Fig. 3 demonstrates that for all 
three retroviral constructs, the major R N A in transduced 
HepalA cells is full-length (lanes 2-4). This suggests that the 
LTR promoter is the major promoter used and that large dele­
tions have not occurred. R N A from both the packaging cells 
and transduced NIH-3T3 cells were also primarily full length 
(data not shown). Although the intemal promoter was respon­
sible for < 5 % of all retroviral transcripts in hepatoma cells in 
vitro, it represents - 5 0 % of all transcripts in liver R N A from 
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FIG. 2. A. Average serum h A A T levels in rats transduced in 
vivo with ApoE(-(-)hAAT-LTR, ApoE(-)hAAT-LTR, and 
ApoAI-LTR retroviral vectors. Rats were transduced with con­
ditioned medium containing approximately 2 X IO''cfu of each 
retroviral vector. The average serum h A A T ± the S E M are 
shown for ApoE(-h )hAAT-LTR (;; = 5), ApoE( - )hAAT-LTR 
(n = 5), and ApoAI-LTR [n = 6) transduced rats. B. Long-term 
evaluation of serum h A A T levels in some ApoE( -I- )hAAT-LTR 
and ApoE(-)h A AT-LTR rats. The 3 rats from A with the high­
est level of serum h A A T from the ApoE(-I-)hAAT-LTR and 
the ApoE(-)hAAT-LTR groups were followed for an addi­
tional 6 months. The serum h A A T levels observed for indi­
vidual rats at each time point are shown. Expression has re­
mained at stable levels for a total of 10 months to date. 
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rats transduced in vivo with ApoE(—)h A AT-LTR and 
ApoE(-l-)hAAT-LTR, as shown in lanes 6-11. This demon­
strates that transcription has shifted significantly from the LTR 
to the intemal promoter. The combination of LTR- and ApoE-
hAAT-initiated retroviral transcripts in rats transduced with the 
ApoE enhancer/hAAT promoter constructs is somewhat less 
than 1 % of the signal observed in normal human liver, a result 
that is consistent with the relative levels of h A A T protein in 
serum. The initiation site for the ApoAl-LTR-transduced rats 
could not be determined by Northem blot analysis, as the level 
of R N A was below detectable levels (lanes 12-14). 

PCR quantitation of proviral DNA in the livers of 
transduced rats 

To compare retroviral vectors of different titers for their in 
vivo promoter strength, expression must be normalized to trans­
duction efficiency. Genomic D N A was isolated from the livers 
of the 3 rats with the highest level of expression for each retro­
viral vector. A multiplex P C R technique was performed to de­
termine the proviral copy number, as shown in Fig. 4. The po­
tential inaccuracies ofthe semi-quantitative PCR technique for 
estimating transduction efficiency were minimized by: (i) uti­
lizing one set of primers that amplifies a rat genomic sequence 
(LFABP) simultaneously with a set of primers that amplifies 
the retroviral (IRES) sequence, to control for PCR efficiency 
and D N A loading; (ii) analyzing the samples from transduced 
rats, controls, and the standard curve on the same day; and (iii) 
performing the reaction three times. 
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FIG. 3. Northem blot analysis of RNA from cells transduced 
with the retroviral vectors in vitro and in vivo. R N A was iso­
lated from normal human liver, from HepalA cells transduced 
with retroviral vectors in vitro, or from rat livers 2 months af­
ter transduction with retroviral vectors in vivo. Northem blot 
analysis was performed using 10 ;ag of total cellular R N A and 
a radiolabeled h A A T c D N A probe, and a 6-day autoradiogram 
was obtained. Lane 1 shows R N A obtained from a normal hu­
man liver. The position of the 1.3-kb h A A T m R N A is marked 
on the right by the label Human. Lanes 2, 3, and 4 show pools 
of R N A from HepalA cells transduced with 1 copy per cell of 
ApoE(-)h A AT-LTR, ApoE(-t-)h AAT-LTR, and ApoAI-LTR, 
respectively. The position of the 4.9- to 5.6-kb LTR-initiated 
transcripts (LTR) and the 3.5-kb intemal promoter-initiated 
transcripts (Int) are shown on the right. Lane 5 (control) shows 
R N A obtained from a nontransduced rat liver. Lanes 6-8, 9-11, 
and 12-14 show R N A obtained from rats transduced with 
ApoE(-)h A AT-LTR, ApoE(4-)hAAT-LTR, and ApoAI-LTR, 
respectively. The animal number is listed above each lane. 
Ethidium bromide staining demonstated that the samples in lane 
9 and 11 were underloaded. 
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FIG. 4. PCR quantitation of the in vivo retroviral transduc­
tion efficiency in livers of transduced rats. Liver D N A was iso­
lated 2 months after transduction and multiplex PCR was per­
formed. Amplified sequences were electrophoresed, transferred 
to a nylon membrane, and hybridized with the IRES probe for 
retroviral sequences (18-hr autoradiogram), stripped, and 
reprobed with the L F A B P probe for rat genomic sequences (1-
hr autoradiogram). Standards (lanes 1-6) contain D N A from 
singly transduced NIH-3T3 cells diluted with D N A from a non­
transduced rat liver. The number above each lane represents 
the percentage of the D N A which was derived from singly 
transduced NIH-3T3 cells. Lanes 7-9 represent D N A from rats 
transduced with ApoAI-LTR. The animal number is listed 
above each lane. Lane 10 shows D N A from a nontransduced 
rat that was isolated simultaneously with the transduced rat 
samples. Lanes 11-13 and 14—16 show D N A derived from rats 
transduced with ApoE(-)h A AT-LTR and ApoE(-l-)hAAT-
LTR, respectively. 

PCR standards were created by diluting D N A isolated from 
NIH-3T3 cells that contained a single copy of retroviral D N A 
with varying amounts of nontransduced rat liver D N A , as de­
scribed previously (Hafenrichter et al, 1994; Rettinger et al, 
1994). A standard curve was constructed by correcting the IRES 
signal for the LFABP signal. The proviral integration frequen­
cies of D N A from transduced rats were determined by com­
paring the ratio of the IRES/LFABP signal to those of the stan­
dard curve. The ApoE(—)hAAT-transduced rats had a 
transduction efficiency of 6%, the ApoE(-l-)hAAT transduced 
rats had a transduction efficiency of 3%, and the ApoAI-LTR 
transduced rats had a transduction efficiency of 3.7%. This 
transduction efficiency is similar to that determined in previ­
ous studies after delivery of a similar number of retroviral par­
ticles (Hafenrichter et al, 1994; Rettinger et al, 1994). In ad­
dition, D N A obtained from rats 13 and 16, which were 
transduced previously with the Pol-II-LTR retroviral vector 
(Rettinger et al, 1994) were included in these assays (data not 
shown). The calculated transduction efficiency on these assays 
was similar to that obtained on previous PCR-based assays. 
Comparison of expression with previously studied 
retroviral vectors 

The work presented here is a continuation of our efforts to 
identify a retroviral vector that results in high-level expression 
in vivo. Because we have previously analyzed several retrovi­
ral vectors with an identical h A A T cDNA-IRES-*DHFR 
casette, it is germane to compare expression levels obtained 
here with those observed in previous studies. Figure 5A demon­
strates that the absolute level of expression (ng of h A A T 
per ml of serum) observed for ApoE(—)hAAT-LTR and 
ApoE(-I-)hAAT-LTR is greater than 15-fold greater than what 
we observed with all previously analyzed retroviral vectors. 

The overall level of expression of h A A T in serum will de-
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FIG. 5. Comparison of absolute and relative levels of ex­
pression from different retroviral vectors. A. Absolute expres­
sion. The serum h A A T level in ng/ml for several different retro­
viral vectors that have been analyzed by this lab is shown. 
Constructs designated A L T R have a 178-bp deletion in the en­
hancer region of the 3' LTR, which is transferred to both the 
5' and 3' LTRs after retroviral transduction. Constmcts desig­
nated L T R have the complete hybrid Mo-MLV/Moloney 
murine sarcoma virus LTR from LNL-6. hAAT-ALTR contains 
the 402-bp h A A T promoter (Hafenrichter el al, 1994), and 
mAlbALTR contains the 700-bp mouse albumin promoter 
(Hafenrichter et al, 1994). HNF-3 indicates that three copies 
of the hepatocyte nuclear factor 3 binding site were placed up­
stream ofthe basal promoter. LTR-LTR contains the LTR with­
out an intemal promoter (Rettinger et al, 1994), Pol-Il-LTR 
contains the promoter for the large subunit of R N A polymerase 
II (Rettinger etal, 1994), while PEPCK-LTR contains the 560-
bp phosphoenolpyruvate carboxykinase promoter (Hafenrichter 
el al, 1994). Except for the above-mentioned changes in the 
promoter and the LTR, all vectors were present in the same 
retroviral vector backbone with the h A A T cDNA-IRES-
*DHFR casette. All constructs were analyzed using the same 
ELISA assay and standards as was used in this study. B. 
Normalized expression. To control for the fact the retroviral 
titers varied by as much as lOO-fold, expression was normal­
ized for the percentage of hepatocytes that were transduced. 
This was determined by using the same PCR assay and stan­
dards as was used in this study. The data are expressed in ng/ml 
per 1% transduction efficiency and were obtained by dividing 
the seram h A A T (Fig. 2 and Table 2 in this study) by the per­
centage of hepatocytes that were transduced (Fig. 4 and Table 
2 in this study). 

pend upon both the relative efficacy of the promoter chosen and 
the percentage of hepatocytes that are modified. To facilitate 
direct comparison of different retroviral vectors of varying titer, 
the expression was normalized to a 1 % transduction efficiency 
for all constracts, as shown in Table 2. Both constructs con­
taining the ApoE enhancer led to high levels of expression af­
ter normalization to the copy number. For ApoE(-)hAAT-LTR 
the average expression was 1588 ng/ml per 1% transduction ef­
ficiency and for ApoE(4-)hAAT-LTR the average expression 
was 1309 ng/ml per 1% transduction efficiency. Average ex­
pression from ApoAI-LTR was considerably lower at 35.7 
ng/ml per 1% transduction efficiency. Although the normalized 

expression of the ApoE enhancer-containing retroviral vectors 
is still higher than all other vectors that were studied previously, 
a significant part of the improvement in expression was due to 
the fact a complete LTR led to much higher titers than was ob­
served for the retroviral vectors with a deletion in the 3' LTR. 

D I S C U S S I O N 

The liver is an excellent target organ for gene therapy for 
many genetic disorders. It can perform necessary post-transla­
tional modifications of coagulation proteins, and secreted prod­
ucts have ready access to the vasculature. Although we and oth­
ers have demonstrated that ex vivo and in vivo hepatic gene 
therapy results in long-term expression of genes from retrovi­
ral vectors in animals for up to 2 years, a major limitation to 
the successful application of these techniques is the relatively 
low level of expression observed. 

This study demonstrates that the ApoE(-)h A AT-LTR retro­
viral vector resulted in an average serum h A A T of 5 pglml 
(-0.5% of the level in normal human seram) when a transduc­
tion efficiency of ~ 6 % of hepatocytes was achieved, suggest­
ing that the expression per transduced cell was ~ 1 0 % that of 
the endogenous h A A T gene. Expression was stable for 10 
months in this study. Because previous studies have demon­
strated stable expression from other promoters for up to 2 years 
(Rettinger et al, 1994; Ponder, 1996), it is likely that expres­
sion will be maintained. This level of serum h A A T protein pro­
duction was > 15-fold higher than what was achieved in this 
and previous studies from retroviral vectors of similar titer with 
an identical backbone containing the LTR alone, or a retrovi­
ral vector with an intemally placed Pol-II, PEPCK, or ApoAI 
promoter in addition to the LTR. Because there were no dif­
ferences other than the promoter, these data suggest that the 
ApoE enhancer:hAAT promoter combination functions much 
better from a retroviral vector in vivo than the other transcrip­
tional elements that have been tested to date in an LTR-intact 
vector. 

Absolute levels of expression of ApoE( - )hAAT-LTR and 
ApoE(-)-)hAAT-LTR were 100-fold higher than what was 
achieved from all previously studied vectors with a deletion in 
the 3' LTR, although the normalized level of expression was 
only -three-fold higher than what was observed for hAAT-
A L T R and HNF-3-hAAT-ALTR (Hafenrichter el al, 1994). 
This illustrates the point that the higher titers achieved with a 
complete LTR are critical for achieving a high transduction ef­
ficiency in animals when using an in vivo delivery system, as 
was used in this study. Although the exact contribution of the 
ApoE enhancer cannot be determined because of the differences 
in the retroviral backbone, the data suggest that it improved ex­
pression -three-fold, assuming that inclusion of an intact LTR 
had no effect upon expression. 

The retroviral vectors used in this study contain a complete 
LTR and an intemal promoter. Identification of which pro-
moter(s) functions is necessary to understand why the 
ApoE(-)h A AT-LTR and ApoE(-H)hAAT-LTR vectors result 
in higher expression in vivo than previously tested vectors. 
Intemal promoter-initiated transcripts represented < 5 % of all 
retroviral m R N A s in HepalA cells in vitro. The low percent­
age of transcripts that initiate from the intemal promoter for 
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ApoE(-̂ )h A AT-LTR and ApoE(-)h A AT-LTR constructs in 
hepatoma cells is similar to what was observed for a retroviral 
vector which contains the h A A T promoter alone (Hafenrichter 
et al, 1994). In contrast, internal promoter-initiated transcripts 
represented - 5 0 % of all retroviral m R N A s for the ApoE-hAAT-
containing retroviral vectors in hepatocytes in vivo. This shift 
in the promoter used is at least partially due to attenuation of 
the LTR. W e previously demonstrated that the L T R was 1 % as 
active in hepatocytes in vivo as in fibroblasts or hepatoma cells 
in culture (Rettinger el al, 1994), while Fig. 3 demonstrates 
that LTR-initiated transcripts are less abundant in the liver than 
what was observed in singly transduced cultured cells, even af­
ter correction for the lower transduction efficiency. The shift in 
the ratio of LTR-initiated- to intemal promoter-initiated-tran-
scripts is probably also due to activation of the intemal h A A T 
promoter in vivo. Activation of the intemal promoter might re­
flect a loss of promoter interference, a phenomenon in which 
promoters which are immediately downstream of the L T R are 
inhibited (Emerman and Temin, 1986; Ghattas et al, 1991). 
Altematively, activation of the intemal h A A T promoter might 
be due to the fact that hepatocytes in animals have higher lev­
els of several transcription factors as compared with cultured 
hepatoma cells (Wu et al, 1996). 

Conflicting results have been obtained by other investigators 
regarding the ability to achieve long-term expression from a 
retroviral vector in animals. A muscle creatine kinase enhancer 
upstream of the C M V (Dai et al, 1992) or the /3-actin (Yao et 
al, 1994) promoter was expressed well in myoblasts in vivo. 
Similarly, an intemal thymidine kinase promoter was active in 
many organs including the liver after transduction of preim­
plantation embryos, while the L T R was inactive (Stewart et al, 
1987). In contrast, albumin (Richards and Huber, 1993) and (3-
globin (McCune and Townes, 1994) promoter/enhancers were 
inactive in several lines of transgenic mice when integrated with 
adjacent retroviral sequences, even if the enhancer region of the 
L T R was deleted (McCune and Townes, 1994). The reason why 

some intemal promoters function well from a retroviral vector 
in vivo while others do not is unclear. Retroviral sequences from 
the upstream conserved region (Flanagan et al, 1992), the en­
hancer (Tsukiyama et al, 1989; Akgun et al, 1991), or the 
tRNA primer binding site (Akgun et al, 1991; Yamauchi et al, 
1995) can inhibit expression of the L T R in embryonic carci­
noma cells. Some of these sequences bind to inhibitory pro­
teins, and may be responsible for the poor expression observed 
from the L T R in vivo (Kaleko et al, 1991; Scharfmann et al, 
1991; Rettinger et al, 1994), and may inhibit an adjacent pro­
moter. Promoters that are not inhibited by adjacent retroviral 
sequences might bind transcription factors that can negate an 
inhibitory factor, or might somehow be insulated from these 
negative effects. W e previously demonstrated that the h A A T 
promoter was not influenced by retroviral sequences in vitro 
(Wu et al, 1996). In contrast, the albumin and the Pol-II pro­
moters were influenced by retroviral sequences in vitro, and 
were considerably less active in vivo. This led us to hypothe­
size that the h A A T promoter is insulated from the inhibitory 
effects of a retroviral vector, although further experiments will 
need to be performed to confirm this hypothesis. 

Implications for gene therapy 

There are two major limiting factors to the use of retroviral 
vectors for hepatic gene therapy for treating human genetic de­
ficiencies. The first relates to the method of delivering the retro­
virus to hepatocytes of animals. The ex vivo approach requires 
a partial hepatectomy to obtain hepatocytes, extensive in vitro 
culture, and injection of a large number of cells into the portal 
vein. The in vivo approach eliminates the need for culturing 
cells, although it still requires a major surgical procedure to in­
duce liver cell replication, a necessary prerequisite for retrovi­
ral transduction. Although the mortality of a 7 0 % hepatectomy 
is relatively low and could be justified for life-threatening ge­
netic deficiencies, simplification of the delivery system will be 

Table 2. Summary of Results for Individual Rats Analyzed in This Study 

Construct 

ApoE(-)h A AT-LTR 

ApoE(-l-)h A AT-LTR 

ApoAI-LTR 

Ral 
number 

1,327 
1,328 
1,332 
1,329 
1,333 
1,334 
1,339 
1,340 
1,342 

Average serum 
hAAT 

[nglml ± SD] 

6,587 ± 2743 
10,875 ± 3722 
5,412 ± 808 
1,631 ±436 
3,137 ± 945 
2,531 ±711 
177 ± 52 
125 ± 20 
90 ±29 

Percent of 
liver cells 
transduced 
(% ± SD) 

2.1 ± I 
7.3 ± 2.1 
8.0 ± 2.7 
5.3 ± 3.3 
2.5 ± 1.7 
1.2 ± 0.2 
5.3 ± 3.2 
3.8 ± 2.2 
2.2 ± 0.2 

Normalized 
expression 

(nglml per 1 % 
transduction 

efficiency ± SD) 

2,439 ± 1381 
1,489 ± 662 
677 ± 249 
308 ± 208 

1,255 ± 933 
2,109 ± 686 

33 ±22 
33 ± 19 
41 ± 13 

Rats were transduced in vivo with the retroviral vector. Seram was obtained at various times after trans­
duction, and the average level of h A A T determined. The percentage of hepatocytes that were transduced with 
the retroviral vector was determined for the three rats of each group shown in Fig. 2 with the highest level 
of hAAT. This was determined by performing three separate P C R reactions (each in duplicate) on D N A from 
a rat liver biopsy obtained at 2 months after transduction (Fig. 4) and calculating the average transduction ef­
ficiency. The normalized expression was determined by dividing the seram h A A T level by the transduction 
efficiency. 
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necessary before these techniques can be routinely applied in 
humans. A second technical obstacle has been the relatively low 
level of expression achieved from retroviral vectors in hepato­
cytes in vivo. This study demonstrates that placing the ApoE 
enhancer-hAAT promoter combination into a retroviral vector 
with a complete L T R results in expression that is > 15-fold 
higher than other retroviral vectors that were previously stud­
ied. Although 5 /ng/ml of h A A T in serum would not be suffi­
cient to prevent the clinical manifestations of apantitrypsin de­
ficiency, a 10-fold increase in the overall expression by either 
delivering more retroviral particles to the liver or by further im­
provements in the level of expression from the retroviral vec­
tor would be. Furthermore, this promoter-enhancer might allow 
therapeutic levels of expression of a coagulation protein to be 
achieved. A previous study that utilized the L T R promoter to 
express a canine FIX gene from a retroviral vector in FIX-
deficient dogs achieved 0.1% of normal FIX levels in serum 
(Kay el al, 1993). If indeed the ApoE-hAAT promoter works 
as well upstream of other cDNAs as it does upstream of the 
h A A T cDNA, the 15-fold increase in expression over that ob­
served from the L T R promoter would be predicted to have a 
significant therapeutic effect upon bleeding in these hemophil­
iac dogs. 
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