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The enzymatic activity of the human immunodeficiency type 1 (HIV-1) protease (PR) is crucial to render
HIV-1 virions mature and infectious. Hence, genetic intervention strategies based on trans-dominant (td)
variants of the HIV-1 PR might be an alternative to current pharmacological and gene therapy regimens for
AIDS. CD4-positive human CEM-SS T-cell lines were generated which constitutively expressed HIV-1 td PR
variants. HIV-1 infection experiments demonstrated severely reduced HIV-1 replication in these td PR
CEM-SS cell lines compared with control T cells expressing wild-type PR. Furthermore, replication of an
HIV-1 isolate bearing a PR inhibitor-resistant PR was blocked, showing that genetic intervention strategies
based on td PRs can be effective against HIV-1 isolates containing PR inhibitor-resistant mutants.

Retroviral proteases (PRs) play an important role in the life
cycle of retroviruses (15). In human immunodeficiency virus
type 1 (HIV-1), structural and enzymatic components of the
virion are expressed as polyprotein precursors, i.e., Gag
(p55gag) and Gag-Pol (p160gag-pol) (36), respectively, which as-
semble into immature virions on the cytoplasmic side of the
cell membrane (11). The HIV-1 PR belongs to the class of
aspartyl PRs (28), but in contrast to eukaryotic aspartyl PRs
(e.g., pepsin), proteolytically active HIV-1 PR is a dimer con-
sisting of two monomers in which each subunit contributes the
amino acid triplet Asp-Thr-Gly (DTG) to form the active site
(37). The HIV-1 PR monomer is part of the p160gag-pol

polyprotein precursor, and therefore, dimerization during the
virion assembly process is necessary to allow autoproteolytic
release and activation of the PR (8). During and after virion
budding from the cell membrane, proteolytic processing of the
p55gag and p160gag-pol polyprotein precursors is initiated by the
viral PR, leading to mature Gag (MA, CA, and NC; for no-
menclature, see reference 16) and Pol (PR, RT, IN, and RNase
H) proteins, condensation of the retroviral core, and hence,
infectious virions (11, 14, 29). Inhibition of PR-mediated
polyprotein processing, either by site-directed mutagenesis of
the PR active site (11, 14, 29) or by application of PR inhibitors
(23, 24), has demonstrated the essential role of the HIV-1-
encoded PR in the generation of infectious virions. In recent
years, several PR inhibitors with in vitro anti-HIV efficacy have
been developed and are currently being evaluated in clinical
trials (21).
Inhibition of HIV-1 replication by intracellular expression of

dominant negative Rev, Gag, or Env variants (3–5, 10, 19, 34,
35) has been demonstrated, leading to the approval of a phase
I clinical study inserting the dominant negative RevM10 vari-
ant into peripheral blood lymphocytes (25). These approaches
are effective because the wild-type (wt) viral proteins multim-
erize with a dominant negative protein variant, forming inac-
tive complexes. Previously, Babé et al. (2) demonstrated in
cotransfection experiments that HIV-1 PR is also a target for
dominant negative inhibition of HIV-1 replication when wt
and mutant (D25N) PR proteins are present. This inhibition is
thought to result from the formation of enzymatically inactive
wt-mutant PR heterodimers, which have been observed in in
vitro assays (1).
In this report, we show that inhibition of HIV-1 replication

by intracellular expression of dominant negative PR variants is
an effective anti-HIV strategy. With a previously described cell
culture assay (2), we show that mutation of the viral frameshift
sequence, combined with an engineered PR variant (Lys-25
Trp-49 Trp-50; herein referred to as KWW) (22), yielded a
12-fold increase in trans-dominant (td) inhibition of proteolytic
HIV-1 polypeptide processing in comparison with the td PR
D25N variant (2). CEM-SS T-cell lines constitutively express-
ing these td PR inhibitors showed reduced viral replication (up
to 4 orders of magnitude) of two laboratory HIV-1 isolates
(SF2 and HXB3) as measured by p24 enzyme-linked immu-
nosorbent assay (ELISA). Increasing intracellular expression
levels of the td PR inhibitors through manipulation of the viral
frameshift yielded a more pronounced inhibition of HIV-1
replication. Combining the td PR inhibitor with a small-mole-
cule PR inhibitor increased overall anti-HIV efficacy. Finally,
we demonstrate effective inhibition of viral replication by td
PRs of an HIV-1 isolate carrying an inhibitor-resistant PR.
These results provide proof of the concept that a clinically
relevant anti-HIV gene therapy based on dominant negative
HIV-1 PR inhibitors can be developed. Furthermore, genetic
intervention strategies can be effective against HIV-1 isolates
resistant to small-molecule inhibitors.
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MATERIALS AND METHODS

Plasmid construction. The HIV-gpt plasmid has been described previously
(27). Engineered mutations were introduced into the PR gene by site-directed
mutagenesis as described previously (32). The frameshift constructions were
made with the oligonucleotide 59-CAGGCTAATTTTATTAGGGAAGATCT
-39 to insert the nucleotide A (in bold) in the phagemid pSPRD25N/KWW at
position 1635 of the viral genome. The mutation was confirmed by dideoxy-DNA
sequencing (USB) and introduced into the HIV-gpt plasmid, resulting in
pFSD25N and pFSKWW.
The HIV-1 DEdhfr plasmid was kindly provided by D. Trono (Salk Institute)

(35). In this plasmid, HIV-1 HXB2 proviral DNA contains a translational frame-
shift in the env gene and is therefore replication defective (35). In addition,
it encodes a dihydrofolate reductase gene in place of nef (35). The SalI site in
the DEdhfr plasmid backbone was destroyed by partial digestion and Klenow
treatment, generating DEdhfrSalI(2). A SalI-XbaI (;5.5 kb) fragment from
DEdhfrSalI(2) spanning the region between env and the 39 long terminal repeat
(LTR) region was used to replace the corresponding region in plasmids HIV-gpt
D25N, FS D25N, KWW, and FS KWW, generating DEdhfr D25N, FS D25N,
KWW, and FS KWW.
Cell culture and transfections. Transient 293T transfections, isolation of viral

particles, quantification of p24 CA protein by p24 ELISA, and Western blot
(immunoblot) analysis were carried out as previously described (2, 22, 32).
CEM-SS cells (26) were maintained in RPMI 1640 medium (JRH) supple-

mented with 10% cosmic calf serum (Hyclone). Cells were electroporated (200
V, 960 mF) with 10 mg of linearized plasmid DNA (XbaI) and selected in 0.2 mM
methotrexate (Sigma) in RPMI 1640 medium with 10% dialyzed fetal calf serum
(Hyclone) until control cells were dead. The established cell lines were stable for
more than 6 months as determined by intracellular Rev fluorescence-activated
cell sorter (FACS) analysis (31). After thawing, cell lines were passaged two or
three times before HIV-1 infection.
Northern (RNA) blot and immunoblot analyses. Total cellular RNA was

isolated from stably selected CEM-SS cells by using RNAzol B (Biotecx) accord-
ing to the manufacturer’s protocol and analyzed by Northern blot hybridization
with 32P-radiolabeled oligonucleotides (4). The oligonucleotide sequences used
were TAR (59-TCGAACCAGAGAGCTCCCAGGCTCAGATCTGGCCA-39;
only the underlined sequence hybridizes to the transactivation response region)
and GAPDH (9) (59-CCATGGTGGTGAAGACGCCAGTGGACTCC-39).
For Western blot analyses, 2 3 106 cells were harvested, washed once in phos-

phate-buffered saline, and lysed in phosphate-buffered saline–5 mM EDTA–1%
Triton X-100. Following trichloroacetic acid precipitation, cellular proteins were
fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on 10 to 20% polyacrylamide gradient gels and transferred to nitrocel-
lulose. Immunoblot analysis was performed with polyclonal HIV-1-seropositive
patient serum (kind gift of J. M. McCune), biotinylated goat anti-human im-
munoglobulin G antibodies, and streptavidin-alkaline phosphatase. Color de-
velopment was obtained by incubation of the nitrocellulose membrane in a
5-bromo-4-chloro-3-indolylphosphate (BCIP)–nitroblue tetrazolium (NBT) so-
lution.
HIV-1 challenge assays. Polyclonal CEM-SS cells (1 3 106/ml) were inocu-

lated with various doses of HIV-1 SF2 (18), HXB3 (30), or NF6 virus (kind gift
of D. Winslow) (20) and incubated at room temperature for 2 h. The HIV-1 NF6
variant contains a PR inhibitor-resistant PR with the mutations V82F and I84V
(20). The number of 50% tissue culture-infective doses (TCID50) per milliliter of
cell-free HIV-1 stock was determined by endpoint titration as previously de-
scribed (17). Following virus inoculation, cells were diluted in fresh RPMI 1640
medium–10% cosmic calf serum and incubated at 378C. At different time points
thereafter, cell counts were determined and aliquots of the culture supernatants
were collected, cleared by centrifugation, and stored at2708C. HIV-1 replication
was determined by analyzing p24 Gag protein synthesis with a p24 ELISA kit
(DuPont-NEN). Each p24 value determined represents the mean of at least
three independent measurements. Cell counts and HIV-1 p24 antigen release
from non-HIV-infected CEM-SS cell lines were determined in parallel. This
HIV-1 antigen release per 106 cells (DEdhfr, ;200 ng of p24; D25N, ;175 pg of
p24; FS D25N, ;125 pg of p24; KWW, ;1,700 pg of p24; FS KWW, ;300 pg of
p24) was defined as the background and subtracted from the p24 values obtained
during HIV-1 infection experiments.
HIV-1 challenge assays in combination with a PR inhibitor. CEM-SS DEdhfr

and FS KWW cells were inoculated in duplicate with 400 TCID50 of HIV-1
HXB3 or NF6 virus per ml as described above. Three days after virus inocula-
tion, cell cultures were split and resuspended in fresh RPMI 1640 medium and
one culture was grown in the presence of PR inhibitor A-77003 (kindly provided
by D. J. Kempf) (13) at a final concentration of 1 mM. At each passage, cells were
resuspended in fresh medium containing the PR inhibitor. Non-inhibitor-treated
control cultures and non-HIV-infected control cultures were treated in an iden-
tical manner, and HIV-1 antigen levels were determined as described above.

RESULTS

Description of HIV-1 td PR mutants and td PR expression
plasmids. Previously, two PR mutants with an active-site mu-

tation (D25N) or a triple mutation (Lys-25 Trp-49 Trp-50
[KWW]) were identified by cotransfection experiments to have
a dominant negative phenotype with regard to wt PR activity
(2, 22). At the beginning of our studies, it was unclear whether
sufficient intracellular td PR could be expressed to effectively
block HIV-1 replication in a tissue culture system. To improve
td PR expression, a mutation was introduced in the gag-pol
frameshift region (12) which translocated the pol gene into
the gag reading frame. In transient cotransfection experiments,
the frameshift construct pFSD25N inhibited Gag-Pol process-
ing more than the pD25N construct did (Fig. 1A). The frame-
shift construct inhibited Gag-Pol processing by 50%, as mea-
sured by p24 ELISA, relative to the 10% observed with the
parental D25N construct (Fig. 1B). The frameshift construct
encoding the more potent td PR KWW variant (22) increased
PR inhibition relative to pFSD25N, with significant levels of
p24 being visible on Western blots only with the pFSD25N

FIG. 1. Inhibition of polyprotein processing in cotransfection experiments.
293T cells were transfected with 10 mg of wt HIV-gpt DNA (lane 1), D25N DNA
(lane 2), or a 1:1 ratio of wt DNA and D25N (lane 3), KWW (lane 4), FS D25N
(lane 5), or FS KWW (lane 6) DNA. Viral particles were purified by ultra-
centrifugation and analyzed by anti-p24 immunoblotting following separation
by SDS–10% PAGE (A) or by p24 ELISA (B). The data in panel B are ra-
tios of processed to total Gag, determined as previously described (32). The
data presented show one representative of five different transfection experi-
ments.
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construct (Fig. 1A). Inhibition of polyprotein processing by
pFSKWW was sevenfold greater than inhibition by pFSD25N
(Fig. 1B).
Both td PR inhibitors were inserted into a modified HXB2

DEdhfr expression plasmid (35), generating D25N and KWW
(Fig. 2A). The td PR inhibitors were also inserted into a DE
dhfr plasmid in which the HIV-1 gag-pol frameshift (12) was
mutated, leading to in-frame expression of Gag-Pol precursors
and generating FS D25N and FS KWW (Fig. 2A).

Generation and characterization of CEM-SS td PR cell
lines. The DEdhfr HIV-1 proviral plasmids encoding the td PR
inhibitors were electroporated into the CD4-positive human
lymphoid CEM-SS T-cell line, and cells were selected for
methotrexate resistance. As a control, a CEM-SS DEdhfr cell
line was established expressing wt PR from an HIV-1 proviral
genome carrying the same modifications as described above
but leaving the gag-pol frameshift intact. Total cellular RNA
was prepared from stably selected CEM-SS cell lines and an-
alyzed by Northern blot analysis with an oligonucleotide probe
specific for the TAR element located at the 59 end of all HIV-1
transcripts (33). Figure 2B shows that all of the CEM-SS cell
lines expressed unspliced (;9 kb), singly spliced (;4 kb), and
multiply spliced (;2 kb) HIV-1 mRNA transcripts, which is
reminiscent of the transcript pattern in the late structural
phase of HIV-1 gene expression (7). Rehybridization with a
glyceraldehyde-3-phosphate dehydrogenase-specific oligonu-
cleotide demonstrated equal RNA loading in all lanes (Fig.
2B). In addition, intracellular Rev-specific FACS analyses (31)
showed comparable intracellular steady-state levels of the
splicing-dependent but PR-independent Rev antigen in all cell
lines and demonstrated that the cell lines were stable for
more than 6 months (data not shown). Western blot analysis
of cellular proteins with HIV-1-seropositive patient serum
showed that CEM-SS D25N and KWW cell lines expressed
high levels of the p55gag precursor and, to a lesser degree, the
p160gag-pol precursor (Fig. 2C, lanes 3 and 5). This Western
blot analysis also demonstrated that CEM-SS FS D25N and FS
KWW cell lines expressed only the p160gag-pol precursor, as was
expected from the mutation of the gag-pol frameshift and the
presence of td PRs (Fig. 2C, lanes 4 and 6). In the CEM-SS
DEdhfr control cell line, both precursors were detected but the
expression of wt PR also led to intracellular precursor process-
ing, yielding detectable levels of intermediate (p41 [MA-CA])
and mature (p24 [CA] and p17 [NC]) processing products (Fig.
2C, lane 2), which were absent in all td PR-expressing cell
lines. FACS analysis showed that the frequency of surface
expression of CD4 (the major receptor for HIV-1) was very
high (.95%) and comparable in all established CEM-SS cell
lines (data not shown). In summary, these different analyses
demonstrated that the established cell lines expressed the
transfected constructs correctly and cellular characteristics
such as CD4 expression and cellular proliferation were not
adversely affected.
Inhibition of HIV-1 SF2 and HXB3 replication in CEM-SS

td PR cell lines. CEM-SS DEdhfr and CEM-SS D25N and FS
D25N cells were inoculated with the HIV-1 SF2 isolate (800
TCID50/ml) (18). In the CEM-SS DEdhfr control cell line, the
amount of released HIV-1 p24 protein increased over time
until it reached a plateau between days 14 and 19 postinocu-
lation. In contrast, HIV-1 antigen release remained at low
levels in CEM-SS cells expressing td PR variants (Fig. 3A).
However, HIV-1 replication was not completely blocked in
CEM-SS cells expressing td PR variant D25N or FS D25N,
as demonstrated by a logarithmic representation of the data
collected (Fig. 3B). The td PR inhibitors did appear to act
as dominant negative inhibitors of HIV-1 replication, since
HIV-1 p24 antigen levels were 2 to 4 orders of magnitude
lower between days 5 and 19 than those in control CEM-SS
DEdhfr cells (Fig. 3B). Similar results were obtained with a
second HIV-1 laboratory strain (HXB3) (30). CEM-SS control
cells (DEdhfr) and CEM-SS cell lines expressing td PR inhib-
itors (D25N, FS D25N, KWW, and FS KWW) were inoculated
with HIV-1 HXB3 (400 TCID50/ml). HIV-1 HXB3 replication
in CEM-SS DEdhfr control cells was faster than in the HIV-1
SF2 challenge experiments. At day 7, HIV-1 p24 antigen re-

FIG. 2. Schematic representation of HIV-based expression plasmids and mo-
lecular characterization of CEM-SS DE td PR cell lines. (A) Genomic organi-
zation of td PR HIV-based expression plasmids. The names of the expression
plasmids are shown above the PR gene. The upper scheme represents the native
gag-pol arrangement. The lower scheme represents reading frame positions after
mutation of the gag-pol frameshift. The transcription initiation site in the 59 LTR
is indicated by an arrow. The translational frameshift disrupting translation of
the env gene is indicated by an arrow below the Denv gene. The dhfr gene
replacing the nef gene is also indicated. (B) Northern blot analysis. Ten micro-
grams of total RNA was loaded in each lane and hybridized with a 32P-labeled
transactivation response region (TAR)-specific oligonucleotide or a glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH)-specific oligonucleotide. Locations
and sizes of the various mRNA species are indicated on the left. (C) Western blot
analysis. Cellular extracts were separated by SDS–10 to 20% gradient PAGE,
and Western blots were probed with polyclonal HIV-1 seropositive patient se-
rum. Molecular mass standards are indicated on the left. HIV-specific precursor,
intermediate, and mature protein products are indicated on the right. Lanes: 1,
CEM-SS; 2, CEM-SS DEdhfr; 3, CEM-SS D25N; 4, CEM-SS FS D25N; 5,
CEM-SS KWW; 6, CEM-SS FS KWW.
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lease in CEM-SS DEdhfr control cells (;3 mg/106 cells) ex-
ceeded the highest HIV-1 p24 levels in CEM-SS DEdhfr cells
in the HIV-1 SF2 infection experiment at day 14 (;2 mg/106

cells) (Fig. 3A and C). In the HIV-1 HXB3 challenge, CEM-SS
cell lines expressing the D25N and KWW td PR inhibitors
showed low levels of HIV-1 antigen release at days 11 and 14
(Fig. 3C), and CEM-SS cells expressing the FS D25N and FS
KWW td PR inhibitors showed even lower HIV-1 antigen
release at these time points (Fig. 3C). In a logarithmic repre-
sentation, the HIV-1 p24 levels in CEM-SS cells expressing the
D25N and KWW PR inhibitors were reduced by 3 orders of
magnitude at day 7 and nearly 1 order of magnitude at day 11
(Fig. 3D). Furthermore, overexpression of td PR inhibitors in
the context of Gag-Pol polyprotein precursors had an addi-
tional antiviral effect in this HIV-1 challenge experiment. In
CEM-SS FS D25N and FS KWW cells, HIV-1 p24 antigen
levels were reduced by 3 to 4 orders of magnitude at day 7 and
2 orders of magnitude at day 11 (Fig. 3D). The CEM-SS cell
line expressing the FS KWW td PR inhibitor showed slightly
improved anti-HIV activity compared with the CEM-SS FS
D25N cell line at later time points (days 11 and 14) (Fig. 3D).

In addition, infectivity of the culture supernatants was deter-
mined at day 11 after HIV-1 inoculation as previously de-
scribed (10). Infectivity of the CEM-SS FS D25N supernatants
was reduced 32-fold compared with the CEM-SS D25N super-
natant, and CEM-SS FS KWW supernatant infectivity was
reduced 256-fold compared with the CEM-SS KWW superna-
tant (data not shown).
Inhibition of HIV-1 NF6 replication in CEM-SS td PR cell

lines. Small-molecule PR inhibitors are being tested as anti-
retroviral agents in clinical trials. The therapeutic benefit has
been limited because of the selection of preexisting inhibitor-
resistant strains (6). We were interested in the ability of td PR
variants to suppress the replication of a PR inhibitor-resistant
HIV-1 strain. For these HIV-1 challenges, we used the HIV-1
NF6 strain (kind gift of D. Winslow) (20), which contains two
mutations in the PR: valine to phenylalanine at position 82
(V82F) and isoleucine to valine at position 84 (I84V). These
mutations confer resistance to the PR inhibitor ABT-538 (20).
We performed HIV-1 NF6 infection experiments comparable
to the HIV-1 HXB3 challenge (;400 TCID50/ml; Fig. 3C and
D). The HIV-1 antigen release remained at low levels in

FIG. 3. HIV-1 SF2 and HXB3 challenge experiments. CEM-SS DEdhfr and CEM-SS DE td PR cell lines were inoculated with 800 TCID50 of HIV-1 strain SF2
per ml (A and B) or 400 TCID50 of HIV-1 strain HXB3 per ml (C and D), and the culture supernatants were assayed for HIV-1 p24 release at the indicated time points
by p24 ELISA. Duplicate HIV-1 challenges were analyzed in A and B and in C and D for CEM-SS KWW and FS KWW. At some time points, error bars are not visible
because of minimal variations in the data. Note that graphs B and D are semilogarithmic representations of the data in graphs A and C.
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CEM-SS cell lines expressing td PR inhibitors, while CEM-SS
DEdhfr control cells showed slower replication kinetics than in
a high-dose HIV-1 NF6 challenge (Fig. 4A and C). On a
logarithmic plot, HIV-1 p24 antigen levels were reduced by
nearly 2 orders of magnitude at day 4 and by 3 orders of
magnitude at day 7 in CEM-SS cell lines expressing td PR
inhibitors D25N and KWW (Fig. 4B). Again, higher expression
levels of the td PR inhibitors in the CEM-SS FS D25N and FS
KWW cell lines seemed to provide an additional antiviral ef-
fect, as HIV-1 antigen levels were reduced by 2.5 orders of
magnitude at day 4 and 3.5 orders of magnitude at day 7 in
these cell lines (Fig. 4B). Figure 4C shows that CEM-SS cells
expressing td PR variants suppressed HIV-1 NF6 replication
even at high inoculation doses ($4 3 104 TCID50/ml), while
control CEM-SS DEdhfr cells released high levels of HIV-1
antigen (;12 mg/106 cells), indicating intensive HIV-1 replica-
tion. A logarithmic plot showed that at day 4, HIV-1 p24
antigen levels were reduced by 1.5 orders of magnitude in
CEM-SS D25N and KWW cell lines and by nearly 2 orders of
magnitude in CEM-SS FS D25N and FS KWW cell lines (Fig.
4D). In all CEM-SS td PR cell lines, HIV-1 p24 antigen levels

were still reduced by approximately 1.5 orders of magnitude at
day 7 (Fig. 4D).
Inhibition of HIV-1 replication in CEM-SS FS KWW cells in

combination with a small-molecule PR inhibitor. We were
interested in assessing the anti-HIV efficacy of a combination
between a small-molecule PR inhibitor and a td PR inhibitor.
CEM-SS DEdhfr and FS KWW cells were inoculated with the
HXB3 or NF6 HIV-1 isolate (400 TCID50/ml). Three days
after inoculation, cell cultures were split and one culture was
propagated in the presence of 1 mM PR inhibitor A-77003
(13). HIV-1 replication kinetics in the CEM-SS FS KWW and
DEdhfr cell cultures were comparable to those in previous
HIV-1 infection experiments without small-molecule PR in-
hibitors (Fig. 5A and B). Addition of the small-molecule in-
hibitor completely suppressed HIV-1 HXB3 replication in
CEM-SS DEdhfr control cells (p24 antigen reduction of .6
orders of magnitude), whereas CEM-SS DEdhfr cells in the
absence of the PR inhibitor showed active viral replication
(Fig. 5A). Interestingly, CEM-SS cells expressing the FS KWW
td PR showed a more pronounced antiviral effect in the HXB3
infection experiment in the presence of the PR inhibitor, sug-

FIG. 4. HIV-1 NF6 challenge experiments. CEM-SS DEdhfr and CEM-SS DE td PR cell lines were inoculated with ;400 (A and B) or ;40,000 (C and D) TCID50
of PR inhibitor-resistant HIV-1 strain NF6 per ml, and the culture supernatants were assayed for HIV-1 p24 release at the indicated time points by p24 ELISA. Note
that graphs B and D are semilogarithmic representations of the data in graphs A and C.
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FIG. 5. HIV-1 HXB3 and NF6 challenge experiments in the presence or absence of protease inhibitor A-77003 (IN). The CEM-SS DEdhfr (A) and FS KWW (B)
cell lines were inoculated in duplicate with 400 TCID50 of HIV-1 strain HXB3 or NF6 per ml. Symbols: h, HXB3; {, HXB3 plus inhibitor; E, NF6; Ç, NF6 plus
inhibitor. Three days after HIV-1 inoculation, cell cultures were split and propagated in the presence or absence of PR inhibitor A-77003. Culture supernatants were
assayed for HIV-1 p24 release at the indicated time points by p24 ELISA. Duplicate HIV-1 challenges were analyzed. At some time points, error bars are not visible
because of minimal variations in the data.
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gesting an additive antiviral effect of the combination of an
HIV-1 PR inhibitor and the td PR gene therapy strategy. In
this case, HIV-1 p24 release was delayed by 6 days, followed by
low HIV-1 antigen levels, while in the control HIV-1 infection
experiment HIV-1 antigen levels were 2 to 3 orders of magni-
tude higher (Fig. 5B). In the CEM-SS DEdhfr and FS KWW
NF6 infection experiment, addition of the PR inhibitor led to
a minor (,1 order of magnitude) and transient reduction of
viral replication at days 6 and 9, followed by HIV-1 p24 levels
comparable to those in the NF6 infection experiment without
the PR inhibitor (Fig. 5A and B).

DISCUSSION

In continuation of transient transfection experiments (2, 22),
we have generated human CEM-SS T-cell lines constitutively
expressing td variants of the HIV-1 PR. In this report, we
provide proof of the principle that constitutive expression of td
PR inhibitors can efficiently suppress HIV-1 replication. This
suppression was observed with laboratory-adapted HIV-1
strains and, more importantly, with HIV-1 isolates bearing an
inhibitor-resistant PR.
Our transient studies showed that increasing td PR gene

expression also led to improved inhibition of Gag-Pol precur-
sor processing. More importantly, engineering efforts to im-
prove the td PR phenotype (as in KWW) further enhanced
antiviral efficacy over the td PR D25N mutant, presumably as
a consequence of preferential association of PR heterodimers
(22). In our HIV-1 challenge assays, these differences were not
readily detectable. In intermediate-dose HIV-1 HXB3 and
NF6 infection experiments, both td PR variants D25N and
KWW showed comparable anti-HIV efficacies (Fig. 3D and
4B). However, in these infection experiments, increased td PR
expression levels led to a moderate increase in antiretroviral
activity as measured by the reduction of HIV-1 p24 antigen
and infectious virion release (Fig. 3D and 4B). This is also
reflected in the observation that HIV-1 antigen release in con-
trol, D25N, and KWW cell lines plateaued at the end of the
experiments, indicating viral cytopathic effects (Fig. 3D). In
contrast, cell lines expressing higher levels of td PR inhibitors
(FS D25N and FS KWW) did not show these effects but did
display continuously increasing levels of HIV-1 p24 antigen
release. On average, the td PR reduced HIV-1 HXB3 (400
TCID50/ml) replication by 2 to 3 orders of magnitude as mea-
sured 7 to 10 days postinoculation. As a reference, HIV-1
replication was reduced by 1.5 to 2 orders of magnitude in
transduced CEM-SS cells expressing the td RevM10 gene from
the CMV promoter under similar infection conditions (3, 4,
19). However, the data generated by these two different exper-
imental techniques (retroviral transduction versus transfection
and the CMV promoter versus the HIV LTR for transgene
expression) do not allow direct comparison of the therapeutic
potencies of these two strategies. In high-dose HIV-1 NF6
challenges, all td PR inhibitors revealed comparable antiviral
potencies, regardless of the identity of the td PR variant or
expression level (Fig. 4D). This suggests that an intracellular
threshold td PR inhibitor level must be achieved to inhibit
HIV-1 replication, which is dependent on the initial viral load.
It is also interesting that the combination of a PR inhibitor and
a td PR variant has greater antiviral efficacy than the td PR
strategy alone (Fig. 5B). This is most likely due to the inhibi-
tion of existing wt PR homodimers.
By using a small-molecule PR inhibitor and a PR inhibitor-

resistant HIV-1 isolate, we provide the first experimental evi-
dence that a genetic intervention strategy could remain effec-
tive when inhibitor-resistant HIV-1 PR variants arise during

pharmacologic therapy. Hence, in the treatment of AIDS, it
would allow the sequential or concomitant application of con-
ventional drug-based antiviral therapies and td-PR-based gene
therapy to treat emerging drug-resistant viral strains in vivo. As
expected, small-molecule PR inhibitors are more effective be-
cause effective systemic drug concentrations can be rapidly
achieved. However, this effect is transient and selects for pre-
existing PR inhibitor-resistant mutants (6). In contrast, the
intracellular immunization strategies are effective at the cellu-
lar level, when intracellular td PR expression levels sufficient to
prevent HIV-1 replication in individual cells are obtained.
With the present gene transfer and gene expression efficacies,
HIV-1 replication occurs only in cells which do not express
effective td PR levels. Therefore, selection pressure on HIV-1
is minimal or nonexistent because the virus can replicate in
transduced cells with ineffective td PR expression levels, sup-
porting the concept of combination therapy. HIV-1 virions
produced in an HIV-1 NF6 infection experiment from cells
expressing a td PR inhibitor were still unaffected by the small-
molecule PR inhibitor (Fig. 5B), suggesting that these HIV-1
virions contain the original inhibitor-resistant PR. We cannot
exclude the possibility that our results are specific to HIV-1
strain NF6, but in the PR of this virus, two critical amino acid
residues are mutated, conferring broad cross-resistance to sev-
eral PR inhibitors in vitro and in vivo (6, 20). Additional
studies with primary clinical HIV-1 isolates obtained from pa-
tients after long-term PR inhibitor therapy should conclusively
answer this question. In addition, as retroviral PRs are well
conserved (28), it might also be of interest to analyze the
antiviral efficacy of the td PR gene therapy strategy against
other clinically relevant HIV-1 and HIV-2 isolates.
Gene delivery into the appropriate cell population (e.g.,

peripheral blood lymphocytes or hematopoietic stem progen-
itor cells), targeting of the td PR to the budding HIV-1 virion,
and evaluation of antiretroviral activity in these cells are im-
portant next steps which must be taken towards the develop-
ment of a clinically relevant gene therapy protocol. Following
infection of cell lines expressing td PR inhibitors with HIV-1,
immature virions would contain Gag-Pol precursors carrying
heterodimers of wt and td PRs. These heterodimers are unable
to support virion maturation, thus blocking viral infectivity and
replication. For these reasons, the use of td Gag variants (34,
35) is an obvious strategy which could be combined with td PR
variants. Expression of the td PR in fusion with the td gag gene
from a retroviral vector imitating the genomic organization of
HIV-1 would target the td Gag-td PR to the budding virion
and result in an additive antiviral effect. Alternatively, the td
PR strategy might also be combined with other gene therapy
approaches (e.g., td RevM10, ribozymes, RNA decoys) which
exert their antiviral effects during different stages of the retro-
viral life cycle and with different modes of action. Anti-HIV
efficacy can be addressed in primary human cells, which allows
simultaneous evaluation of transduction efficiency, levels and
maintenance of transgene expression, safety, and toxicity. The
cellular toxicity of the td PR approach is apparently minimal
because of the use of proteolytically inactive td PR variants.
In summary, we have shown that human CEM-SS T-cell

lines stably expressing td PR inhibitors are able to significantly
inhibit HIV-1 replication. Our findings may be useful for the
development of an antiviral gene therapy strategy based on the
expression of td PR inhibitors for the clinical treatment of
AIDS.

ACKNOWLEDGMENTS

We thank C. Barske and K. Ho for excellent technical assistance;
D. Bevec, D. J. Kempf, J. M. McCune, D. Trono, and D. Winslow

VOL. 70, 1996 INHIBITION OF HIV-1 REPLICATION BY PROTEASE MUTANTS 7771



for materials and reagents; and D. Ganem and R. J. Rigg for critical
comments on the manuscript.
The Progenesys program at Systemix is a Research and Develop-

ment Collaboration jointly sponsored by Sandoz and Systemix. Part of
this work was supported by NIH grant GM39552 (C.S.C.). F.M. was a
recipient of an AmFAR fellowship (award 70361-14-RF). J.R.R. was
supported by NIH training grant GM 07175 and a UCSF Chancellor’s
Graduate Research Fellowship. The following reagents were obtained
through the AIDS Research and Reference Reagent Program, Divi-
sion of AIDS, NIAID, NIH: CEM-SS cells (catalog no. 776) from P.
Nara and HIV-1SF2 (ARV2) (catalog no. 275) from J. Levy.

REFERENCES
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