
Our results raise the possibility that the 
activity of mutant CFTRs in epithelial cells 
might, by appropriate pharmacological in- 
tervention, be increased sficiently to ame- 
liorate disease symptoms that appear to be 
largely related to insficient C1- secretion. 
It is estimated that 92% of CF patients have 
at least one AF508 allele (10); therefore 
pharmacologic activation of this mutant 
protein would be of benefit in the manage- 
ment of CF. The demonstration of C1- 
conductance in association with the defec- 
tive CFTR variants alsdsets the stage for 
detailed structure-function analysis of the 
mutant proteins. 
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Inhibition of HIV Replication in Acute and Chronic 
Infections in Vitro by a Tat Antagonist 

The human immunodeficiency virus-1 (HIV-1) trans-activator Tat is an atoractive 
target for the development of antiviral drugs because inhibition of Tat would arrest the 
virus at an early stage. The drug Ro 5-3335 [7-chloro-5-(2-pyrry1)-3H-1,4-benzodi- 
azepin-2(N)-one], inhibited gene expression by HIV-1 at the level of transcriptional 
trans-activation by Tat. The compound did not inhibit the basal activity of the 
promoter. Both Tat and its target sequence TAR were required for the observed 
inhibitory activity. Ro 5-3335 reduced the amount of cell-associated viral RNA and 
antigen in acutely, as well as in chronically infected cells in vitro (median inhibition 
concentration 0.1 t o  1 micromolar). Effective inhibition of viral replication was also 
observed 24 hours after cells were transfeaed with infectious recombinant HIV-1 
DNA. The compound was active against both HIV-1 and HIV-2 and against 
3'-azido-3'-deoxythy"idine (AZT)-resistant clinical isolates. 

A MONG THE REGULATORY GENE 

products encoded by HIV-1 is a 
strong positive regulator, Tat, that 

is required for HIV-1 replication (1) and has 
no apparent cellular homologs. Deleting the 
gene or disabling its initiation codon ren- 
ders a provirus nonreplicative (2). Tat in- 
creases gene expression directed by the 
HIV-1 long terminal repeat (LTR) promot- 
er. Stimulation of gene expression is due to 
an increase in steady-state mRNA and also 
possibly to an increase in the efficiency of 
mRNA use (3). Tat functions through the 
cis-acting Tat-responsive sequence (TAR) 
immediately downstream of the transcrip- 
tion start site (4, 5). The protein stabilizes 
elongation of transcription and may also 
increase transcription initiation (6). 

To screen foi Tat inhibitors, we put an 
indicator gene encoding secreted dkaline 
phosphatase (SeAP) under the control of 
the HIV-1 LTR promoter in the plasmid 
construct pBC12/HIV/SeAP (7). The tat 
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gene was similarly controlled in a second 
plasmid pBC12/HIV/Tat. Cotransfection of 
COS cells with the two plasmids led to 
production of alkaline phosphatase, which 
was secreted into the culture medium. Aka- 
line phosphatase was quantitated by a colo- 
rimetric assay (7) that is amenable to auto- 
mation and has a high throughput. 
Quantities of the two plasmids used in the 
transfection assay were adjusted so that 
SeAP production was linear in response to 
input pBC12/HIV/Tat (8). To minimize the 
inherent variability of transfecting cells in 
monolayers, we transfected COS cells in 
bulk suspension before plating them on 
culture dishes for drug testing. 

One of the compounds in the repository 
of Hoffmann-La Roche, Ro 5-3335, re- 
duced the alkaline phosphatase activity in 
the culture media of COS cells transfected 
with the plasmids pBC12/HIV/SeAP and 
pBC12/HIV/Tat (Fig. 1A). Reduction of 
enzyme activity was-due td inhibition of 
Se& expression from the HIV-1 LTR pro- 
moter because the compound did not inhib- 
it the expression of SeAP driven by the 
Tat-insensitive LTR promoter of Rous sar- 
coma virus (RSV). Inhibition of SeAP 
expression was not 100% in these assays 
because the compound was added 24 hours 
after uansfection; at this point, SeAP 
mRNA and enzyme activity could already be 
detected, and the enzyme-was stable up to 
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Fig. 1. Effect of Ro 5-3335 on the expression of 100 tion of CAT gene expression was similar to 
SeAP. (A) SeAP expression from plasmid DNA. 80 that observed with the wild-type promoter 
Plasmlds pBC12/HW/SeAP (16 kg) and pBC12/ - 
HIV/rat (8 kg) were transfected into 2 x lo7 $ 60 (Fig. 2B). The action of Ro 5-3335 was 
COS cells in 20 ml of suspension by the DEAE- 40 thus not related to cellular transcription 
dextran procedure. Transfected cells were plated 5 = 20 

factors recognized by these regulatory se- 
in 96-well microtiter plates at 1 x 10, cells per 

0 
quences. 

well. Ro 5-3335 was added to the cdture media 
at a tinal DMSO concentration of 0.5% 24 hours 

Consistent with its mode of action, Ro 

after the cells were plated. Forty-eight hours after -20] 1 5-3335 inhibited HIV-1 replication in 
addition of the compound, 40 p1 of medium was -40 

10 50 chronically infected cells (Fig. 3). CRlO 
drawn from each well and assayed for alkaLne cells resistant to the cytopathic effect of 
phosphatase activity. Conversion of the substrate, 8 HIV-1 (12) were infected with HIV-1 virus 
p-nitrophenyl phosphate, to p-mtrophenol by 
SeAP was measured by absorbance at 405 nm strain NIT (13) and maintained in the lab- 

(A,,,) (7). Reduction m A,,, for drug-treated oratory as virus producers. Parallel reduc- 
samples versus untreated samples (A,,, = 1.5) tions in cell-associated viral RNA and p24 
was expressed as percent inhibition after subtrac- antigen were observed in these chronically 
tion of background readings obtained from sam- 
ples not expressing SeAP. Each bar represents an 

infected cells after treatment with Ro 

average of duplicate samples in one experiment; 5-3335 for 3 days (the earliest time of assay) 
three separate experiments are shown. (B) SeAP o,b lio/y ti i0 jo i0 io with a median inhibition concentration 
expression by constitutively expressing cell lines RO 5-3335 (pM) (IC,,) of 0.1 to 1 p,M. As expected, zidovu- 
CH0/19-3C ( e )  and 19-1F ( 0 ) .  Ro 5-3335 was dine (AZT), a reverse transcriptase (RT) 
added to culture media 24 hours after cells were plated (-30% coduency). Media and drug were inhibitor, did not affect viral replication in removed and replenished 24 hours later. Alkaline phosphatase activity in the culture media was assayed 
48 hours after the second addition of the drug as described in (A). Cytotoxicity was measured for the these infected cells. 
same cell C U ~ U ~ ~ S  by a tetrazolium-based cell viability assay (9) .  Each data point is the average of TO demonstrate further that inhibition of 
triplicate cdture wells. Two separate experiments for the Ro 5-3335 concentration ranges of 0.05 to 1 HIV replication by Ro 5-3335 is the conse- 
pM and 5 to 50 pM are shown. quence of inhibiting replication from provi- 

ral DNA, we transfected Jurkat cells with a 
several days at 37°C. To see the maximum mutant HIV-1 LTR promoter lacking the recombinant HIV-1 DNA (13). Twenty- 
amount of inhibition, we used the cloned TAR sequence, either in the presence or four hours after transfection, reduction of 
cell lines CH0/19-3C and 19-IF, each of absence of Tat (Fig. 2A) (4). In contrast, cell-associated p24 antigen was greater in 
which contains integrated pBC12/HIV/ when expression of CAT was governed by cells treated with 2 p,M Ro 5-3335 (4,398 
SeAP and pBC12/HIV/Tat sequences and an HIV-1 LTR that was mutated in the pg of p24 per lo6 cells versus 59,000 pg for 
express SeAP constitutively. Ro 5-3335 in- TATA sequence or NF-KB enhancer se- lo6 untreated cells) than in cells treated with 
hibited SeAP production by 100% at con- quence or had the Sp-1 upstream activation either soluble, recombinant CD4 (sCD4; 10 
centrations of -1 p,M in these two cell lines sequences deleted (1 I), Ro 5-3335 inhibi- p,g/ml yielded 19,250 pg per lo6 cells) (14) 
(Fig. 1B). As we demonstrated with the 
tetrazolium-based assay for cell viability (9), 
the compound inhibited the expression of Fig. 2. Effect of Ro 5-3335 on mutant HIV-1 25- 

SeAP at noncytotoxic concentrations (medi- LTR Promoters. (A) Dependence on Tat and .. A 

an cytotoxic concentration is , 50 p,M). TAR for the inhibitory activity of Ro 5-3335. - 
COS cells (4 x lo5) were transfected with 0.6 pg t - -*- - - -A 

(RNA) showed that of pHIV/CAT, in which the CAT gene is under 15 0, 
Ro 5-3335 specilically reduced the amount the control of the wild-type HW-1 LTR promot- 'g 

m 0 

Ro 5-3335 (pM) 

of steady-state mRNA from the SeAP gene er (solid lines) (1 1) or a mutated HW-1 LTR that 10 

constitutively driven by the H N - ~  LTR and lacks TAR (nucleotides +9 to + 77) (dashed S *\ 
lines) (5) ,  together with (e-e, A - - - 5 -- -* 

did not aEect the accumulation of mRNA of A) or without ( 0 0 ,  A - - - A) 0.12 _ .  _ _ _ _ _ _ -  - - - - - - - - -  the cellular gene actin (10). In the transient of plasmid pBC12/HIV/rat. Twenty-four hours o k P -  - - - - - -  - - - - -  - 
transfection assays, the background SeAP after transfection, Ro 5-3335 was added to the 
mRNA protein at the tirne of drug culture media in a final DMSO concentration of 

addition account for the apparent lower 0.5%. Percent conversion was based on scintilla- FIOO P O  
tion counts of ['4C]chloramphenicol and the so activity. acetylated derivative after resolution by thin-layer 

The inhibition of gene expression by RO chromatography. (Inset) The effect of Ro 5-3335 60 
5-3335 was found to be at the level of Tat on CAT gene expression from the mutant HIV-1 

trans-activation, and the compound did not LTR after transfection that included a DMSO 40 

shock (10% DMSO for 2 min) to increase uptake 
3 

a&ct the basal activity (governed by of the plasmids (26).  (8) Lack of dependence on 20 

transcription factors) of the HIV-1 LTR regulatory sequences for cellular transcription fac- o 7 

promoter (Fig. 2). To measure the basal tors. We used wild-type ( e )  and mutant HIV-1 o 25 50 

of the m - 1  LTR promoter, we LTR promoters with substitutions in the NF-KB RO 5-3335 (pM) 
(ANF-KB, A) or the TATA recognition sequences used the indicator gene chloramphenicO1 
(ATATA, + with dashed line) or with a deletion of the Sp-1 (Asp-1, .) recognition sequences to drive 

acetyltransferase (CAT) in 'OS cells, which express~on of the CAT gene in plasmid constructs (1 1, 27). COS cells (lo6) were transfected with 0.5 
support a measurable basal activity of the pg of each plasmid together with 0.2 pg of pBClZ/HIV/rat. Ro 5-3335 was added to the culture 
promoter. In a transient transfection assay, media in a final DMSO concentration of 0.5% 24 hours after the cells were transfected, and CAT 

R~ 5-3335 inhibited CAT gene expression activity was assayed 48 hours after the addition of the drug. CAT gene under the control of the 
cytomegalovirus promoter ( 0 )  was a control for the assay. Each data point was obtained with pooled in the presence but not in the absence cell Iysates of duplicate cell cultures. Results are representative of three independent experiments (28). 

Tat. The compound did not affect expres- Variabilities in percent conversions for CAT assays of duplicate samples were less than 10% of the 
sion of the CAT gene under control of a averages. 
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or 2 pM AZT (39,000 pg per lo6 cells). 
Combination treatment with 2 pM Ro 
5-3335 and sCD4 (10 pg /d )  had an inhib- 
itory effect (3029 pg per lo6 cells) similar to 
treatment with Ro 5-3335 alone. These 
results eliminate the possibility that Ro 
5-3335 inhibited HIV-1 replication before 
proviral DNA formation. The compound 
did not inhibit HIV-1 RT activity when 
tested with purified recombinant RT (IC,, 
> 100 pM) (15). Ro 5-3335 therefore has a 
mode of action distinct from another class of 
bemdiazepines, TIBO, which was shown 
to inhibit HIV-1 RT (16) but did not show 
activity in the assay for Tat inhibitors de- 
scribed in Fig. 1. 

The activity of Ro 5-3335 on different 
HIV-1 viral strains in various cell types was 
tested in acute infection (the drug was added 
at the time of infection). The compound was 
effective against a spectrum of HIV-1 strains 
[3B, Bru (now known to be Lai), BAL/85, 
NlT, and RF] in several cell lines (CEM, 
Jurkat, H9, MT2, JM, C8166, and HT4- 
6C) and in primary human peripheral blood 
lymphocytes and monocyte-derived macro- 
phages with IC,, of 0.1 to 1 FM and 90% 
inhibitory concentration (IC,,) of 1 to 3 
p,M (1 7). The activity of the compound was 
found to be consistent with different end- 
point measurements [p24 enzyme-linked 
irnmunosorbent assay (ELISA), plaque re- 
duction, syncytium inhibition, antibody 
staining of infected cells, and viral RNA 
quantitation]. The compound was also ac- 
tive against HIV-2 (strains ROD and UC-1, 
IC,, = 0.1 to 1 pM). Ro 5-3335 was tested 
against two AZT-resistant viral isolates (18), 
a consideration necessary for testing poten- 
tial drugs effective against acquired immu- 
nodeficiency syndrome (AIDS). Ro 5-3335 
was equally effective against AZT-sensitive 
and AZT-resistant viral isolates (IC,, = 0.1 
to 0.5 pM) (19). 

Fig. 3. Effects of Ro 5-3335 on HIV-1 replica- 
tion in chronically infected cells. CRlO cells were 6.- 

infected with N1T (13) strain virus. Ro 5-3335 - 
was added to the culture media of the chronically 5 8 . -  

infected cells (2 x lo5 cells/ml) in 0.1% DMSO 5 
( h a l  concentration). Three days after addition of 2 4.. 

the drug, the number of live cells were determined .B 
by Trypan blue exclusion. The viral RNA in 2 x 2 ,.. 
lo5 live cells was quantitated with an RNA-RNA f 

Ro 5-3335 is a bemdiazepine with min- 
imal effect on the central nervous system. 
When compared with the therapeutic agent 
diazepam, the compound has <1% of the 
f i t y  for the central benzodiazepine recep- 
tors in rat cerebral cortex membranes (20). 
The compound has a high bioavailability 
(-85%) in dogs with a half-life of 2 hours; 
a peak plasma concentration of 0.8 pM was 
reached at an oral dose of 1 mg per kilogram 
of body mass (21). In general, the animals 
tolerated the drug well in a 2-week toxicity 
study with a dose of 125 mg per kilogram of 
body mass per day. However, the hydroxy- 
pyrrole metabolite gave rise to yellow dis- 
coloration in animal tissues, and nephrotox- 
icity was observed in rats (22). 

Discovery of this class of compounds and 
continued search for an analog with a better 
toxicological profile raise the possibility of 
combination therapy for HIV infection. 
Distinct from currently available HIV RT or 
protease inhibitors that prevent new rounds 
of infection, a Tat antagonist inhibits HIV 
replication from integrated proviral DNA. 
In addition, in vitro studies have indicated 
the possibility that HIV-1 pathogenesis can 
be caused by viral proteins: gp120 mediates 
antibody-dependent cellular cytotoxicity 
and cytotoxic T cell killing (23); Tat medi- 
ates reduction of antibody-dependent T cell 
proliferation (24) and stimulates Kaposi's 
cell growth (25). A Tat antagonist that 
suppresses viral gene expression may elimi- 
nate these potential pathogenic effects. 
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Long-Term Improvement of Hypercholesterolemia Afker 
ex Vivo Gene Therapy in LDLR-Deficient Rabbits 

Familial hypercholesterolemia (PH) is an inherited disorder in humans that is caused 
by a deficiency of low density lipoprotein receptors (LDLRs). An animal model for 
PH, the Watanabe Heritable Hyperlipidemic rabbit, was used to develop an approach 
for liver-directed gene therapy based on transplantation of autologous hepatocytes that 
were genetically corrected ex vivo with recombinant retroviruses. Animals transplant- 
ed with LDLR-transduced autologous hepatocytes demonstrated a 30 to 50 percent 
decrease in total serum cholesterol that persisted for the duration of the experiment 
(122 days). Recombinant-derived LDLR RNA was harvested from tissues with no 
diminution for up to 6.5 months after transplantation. 

M ANY INBORN ERRORS OF METAB- 

olism are caused by inherited de- 
fects of liver function. One poten- 

tial therapeutic approach for this group of 
diseases is the use of somatic gene transfer to 
permanently correct the genetic defect in 
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hepatocytes. We used FH as a model for 
developing liver-directed gene therapies. 
FH is an autosomal dominant disorder 
caused by defects in the function or expres- 
sion of LDLRs (1). Individuals with the 
disease have severe hypercholesterolemia 
and develop premature coronary heart dis- 
ease. Homozygous deficient individuals are 
refractory to conventional therapies; how- 
ever, orthotopic transplantation of a liver 
expressing normal Gounts  of LDLR has 
resulted in substantial metabolic improve- 
ments (2) .  The success of orthotopic liver 
transplantation suggests that hepatic recon- 
stitution of LDLR expression by gene trans- 
fer would achieve therapeutic efficacy. 

The existence of an animal model of FH, 

the Watanabe Heritable Hyperlipidemic 
(WHHL) rabbit, provides an experimental 
setting for the development of genetic ther- 
apies (3). One experimental approach, re- 
ferred to as ex vivo gene therapy, involves 
the removal of a portion of the liver from an 
LDLR-deficient animal and the establish- 
ment of primary cultures of hepatocytes. 
Recombinant retroviruses are used to trans- 
duce a functional LDLR gene into the cul- 
tured hepatocytes that are then harvested 
and transplanted into the animal from which 
they were derived. The feasibility of a cell- 
based therapy for FH is supported by studies 
that demonstrated transient metabolic im- 
provements after transplantation of allogeneic 
hepatocytes (for example, WHHL hepato- 
cytes expressing human LDLR or hepato- 
cym derived from a wild-type rabbit) (4, 5) .  

A critical step in the development of an 
effective ex vivo gene therapy in the WHHL 
rabbit was the production of recombinant 
retroviruses capable of efficiently trans- 
ducing a wild-type rabbit LDLR gene into 
primary cultures of WHHL hepatocytes. A 
full-length cDNA for LDLR was isolated 
from hgtll  library derived from liver 
mRNA of a New Zealand White rabbit (6) .  
The cDNA was cloned into a retroviral 
vector that expresses the recombinant gene 
from sequences of the chicken p-actin pro- 
moter, and amphotropic retroviruses were 
produced (7). Viral stocks derived from the 
lacZ-expressing vector BAG were used in 
contr~~ex~eriments (8). 

The efficacy of ex vivo gene therapy in the 
WHHL rabbit was tested with the follow- 
ing experimental strategy (9). We subjected 
a group of 12 WHHL rabbits to 30% 
partial hepatectomy and perfused the excised 
liver lobes with collagenase to release hepa- 
tocytes. The recovered hepatocytes were 
placed in primary culture and exposed to 
either 'the LDLR virus or the lac2 virus. 
Retrovirally transduced hepatocytes were 
subsequently harvested (2 x 10' cells or 2% 
of the total cells in a liver) and injected into 
the spleen of the animal from which the cells 
were originally derived. Hepatocytes were 
labeled with "'In before we transferred 
them into a separate animal in order to 
assess their trafficking in vivo after intras- 
plenic injection; greater than 95% of the 
infused cells immediately entered the portal 
circulation and seeded into the liver- This 
analysis does not permit a precise determi- 
nation of the cells remaining in the spleen; 
this number could easily vary fivefold, be- 
tween 1 and 5%. The two experimental 
groups subjected to further analyses includ- 
ed WHHL rabbits trans~lanted with autol- 
ogous hepatocytes transduced with either 
the LDLR virus (n = 5) or the lacZ- 
expressing virus (n = 7). 
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