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Novel molecular approaches to inhibit human immunodeficiency virus type 1 (HIV-1) infection have received
increasing attention because of the lack of effective antiviral drug therapies in vivo. We now demonstrate that
cells can be intracellularly immunized by cytoplasmic expression of single-chain variable antibody fragments
(SFv) which bind to the HIV-1 reverse transcriptase (RT) enzyme. The expression of anti-RT SFv in T-
lymphocytic cells specifically neutralizes the RT activity in the preintegration stage and affects the reverse
transcription process, an early event of the HIV-1 life cycle. Blocking the virus at these early stages dramat-
ically decreased HIV-1 propagation, as well as the HIV-1-induced cytopathic effects in susceptible human T
lymphocytes, by impeding the formation of the proviral DNA. These data also demonstrate that intracellular,
complete SFvs may gain access to viral proteins of the HIV-1 preintegration complex. These SFvs will provide
a tool with which to better understand the molecular mechanism(s) involved in restricting viral replication in
HIV-1-infected cells.

It has been over a decade since the discovery of human
immunodeficiency virus type 1 (HIV-1) as the major cause of
AIDS. There has been only modest progress in the develop-
ment of therapy that may stop or significantly alter the ulti-
mately fatal course of HIV-1 infection (19). HIV-1 infection
leads to severe immunodeficiency in most infected individuals,
specifically by depleting CD4-positive T lymphocytes (34).
These lymphocytes appear to be the major viral reservoirs in
lymphoid organs and in the peripheral blood (26).
Because of the extremely complex life cycle of HIV-1, it has

been difficult to develop adequate therapeutic modalities to
significantly interrupt HIV-1 replication (18). Retroviral re-
verse transcriptase (RT) plays a key role in the early stages of
the retroviral life cycle. The HIV-1 RT contains both RNA-
and DNA-directed DNA polymerase activities and an RNase
H activity. These enzymatic functions are important in the
conversion of the single-stranded viral RNA genome into dou-
ble-stranded DNA prior to integration of the retroviral provi-
rus into the host cells’ genome (9, 18). Traditionally, antiviral
approaches have been aimed at limiting viral replication. The
RT enzyme of HIV-1 has been a target of several pharmaco-
logical inhibitors, which include the nucleoside analog 39-
azido-39-deoxythymidine (AZT) and the nonnucleoside com-
pound Nevirapine, both of which act on the enzyme’s RNA-
dependent DNA polymerase activity (23–25, 46). Currently,
antiviral therapies based on RT inhibitors, cytokines, and re-
ceptor-blocking agents are not completely successful because
of the exceptional ability of HIV-1 to mutate, which results in

rapid development of quasispecies which evade host defenses
and become resistant to various antiviral agents (15, 41). How-
ever, an alternative approach, antiviral gene therapy, whereby
host cells can be genetically altered or engineered to confer
long-lasting protection against viral infection or replication
after infection, appears to be an attractive and convincing
technology (37). Several such strategies are currently used and
directed toward the inhibition of HIV-1 replication or the
elimination of the infected cells via trans-dominant negative
mutant HIV-1 protein expression, viral antisense oligonucleo-
tide sequences, specific ribozymes, and HIV-1-activated sui-
cide genes (7, 8, 11, 27, 28, 42, 47).
Recently, several reports described the successful use of an

intracellular immunization strategy targeted against HIV-1
replication (7, 8, 12–14, 29, 30), which involved the expression
of recombinant genes encoding antibody fragments within
cells. Advances in the design and engineering of single-chain
antigen-binding proteins promise increased utility of antibody
genes (43). The single-chain variable fragment (SFv) of an
antibody is the smallest structural domain which retains the
complete specificity and binding site capabilities of the paren-
tal antibody. Intracellular expression of SFv constructs and the
synthesis of single-chain antibodies in cells have been reported
to alter or block various steps in mammalian cell growth and
can be used to understand both the normal and the patholog-
ical cellular processes (6).
Recently, we reported that intracellular expression of SFv

moieties targeted to the HIV-1 regulatory protein, Rev, po-
tently inhibited HIV-1 replication in human cells (12–14). Rev
function is pivotal to the viral life cycle, after integration of the
viral DNA into the host genome and the establishment of the
provirus, and acts by rescuing unspliced viral RNA from the
nuclei of HIV-1-infected cells (9). To further expand the use of
the intracellular immunization approach as a tool for gene
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therapy in the treatment of HIV-1 infections, the RT enzyme
of HIV-1 was targeted for specific intracellular SFv expression
to block HIV-1 replication. We now report the construction of
a complete SFv antibody fragment from a murine hybridoma,
producing anti-RT immunoglobulin G (IgG). The RT enzyme
of HIV-1 was chosen as a target for SFv-induced inhibition to
study if early stages of HIV-1 replication, prior to the estab-
lishment of provirus and integration, could be successfully
blocked and would inhibit viral replication in human cells. In
addition, inhibition of RT by SFvs would also demonstrate the
ability of complete intracellular SFvs to interact with retroviral
proteins within the HIV-1 preintegration complex.

MATERIALS AND METHODS

Construction of anti-RT SFv. The murine hybridoma cell line producing a
monoclonal antibody (MAb) against HIV-1IIIB RT (called RT MAb 3) was
kindly provided by Intracel Inc. (Cambridge, Mass.). The immunogen used to
generate this RT MAb was the bacterially expressed recombinant RT protein of
HIV-1IIIB. The hybridoma cells were grown in RPMI 1640 medium supple-
mented with 10% fetal calf serum. Approximately 2 3 107 cells were used for
preparation of total cellular RNA by lysis with guanidinium isothiocyanate buffer
and a cesium chloride gradient procedure as previously described (4). Culture
supernatant containing RT MAb 3 was used in the in vitro RT activity assays
(10).
The cDNAs of the heavy-chain (VH) and light-chain (VL) regions of the RT

monoclonal immunoglobulin 3 transcripts were synthesized by reverse RT-initi-
ated PCR. Primer sets used to amplify mouse VH and VL regions (Ig-Primer
methodology) were obtained from Novagen. For first-strand cDNA synthesis, 1
to 3 mg of total RNA was mixed with the 39 primers (antisense) specific to VL and
VH regions, heated for 5 min at 658C, and then incubated at 378C for 1 h with 200
U of avian myeloblastosis virus RT in buffer containing 0.07 M KCl, 0.02 M Tris
(pH 8.3), 5 mM dithiothreitol, and 1.0 mM each deoxynucleoside triphosphate.
After reverse transcription, 10 ml of template DNA from the reverse transcrip-
tion reaction was subjected to PCR amplification, using appropriate primers
(Novagen) with 0.5 ml of Taq polymerase (Perkin-Elmer Corp., Norwalk, Conn.)
in PCR buffer containing 2.5 mM MgCl2 in a 50-ml total volume. Amplification
was carried out in a thermal cycler (Perkin-Elmer) for 1 cycle of denaturation at
948C for 5 min and then for 35 cycles with the following parameters: denaturation
for 1 min at 948C, annealing for 90 s at 508C, and extension for 60 s at 728C, with
a final extension of 10 min. The PCR-amplified fragments were cloned into the
pT7 Blue vector (Novagen) (31). Clones were screened first by PCR amplifica-
tion, using primers specific to the pT7 polylinker for the correct size, and ana-
lyzed further by DNA sequencing. PCR primers (59 and 39 ends) containing
appropriate restriction enzyme sites for further cloning were used to reamplify
the VL and VH fragments, with deletion of remaining secretory leader sequences.
The DNAs of light and heavy chains were joined together via a flexible linker as
described by Duan et al. (12, 13). The anti-RT VL fragment was cloned via NdeI
and ApaI sites 59 to the linker, and the anti-RT VH fragment was cloned as a
BglII-KpnI fragment 39 to the linker, to obtain anti-RT SFv3 as a single-fragment
construct.
The murine leukemia virus-based retroviral expression vector pSLXCMV,

which contains the bacterial neomycin resistance gene (neo) (33, 40), was used in
these experiments. The anti-RT SFv3 construct was subcloned as an MluI-SmaI
fragment into the MluI-HpaI sites of the polylinker region of the pSLXCMV
vector. The integrity of the SFv DNA in the vector was confirmed by restriction
enzyme mapping and DNA sequencing. The details of pSLXCMV-CAT and
pSLXCMV-D8SFv vector constructs, which express chloramphenicol acetyl-
transferase (CAT) and an anti-Rev SFv protein, used as controls, were previously
reported (14).
Cell cultures and viruses. The PA317 amphotropic retrovirus packaging cell

line was maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum (growth medium; GIBCO-BRL) (33). SupT1, a CD4-
positive human T-lymphocytic cell line susceptible to HIV-1 infection (20), was
grown in RPMI 1640 medium supplemented with 10% fetal calf serum. All the
cells were grown at 378C in a humidified incubator with 5% CO2.
The HIV-1 strains used in this study include NL4-3, which contains all open

reading frames (2), and R7-HXB2 (38). The preparation of viral stocks and their
titration, using tissue culture infectious doses, were previously described in detail
(3, 14).
Neutralization of RT activity as measured by DNA polymerase assays. Exog-

enous HIV-1 RT assays were performed as previously described (16, 46), using
poly(rA)-oligo(dT) (Pharmacia Inc.) as a primer template. Incorporation of
[3H]dTTP was then measured. The reaction mixture contained (100-ml total
volume), unless otherwise indicated, 50 mM Tris HCl (pH 7.3), 100 mM KCl, 5
mM MgCl2, 3 mM dithiothreitol, 2.5 mg of poly(rA)-oligo(dT)12–18, 3.3 mM
[3H]dTTP, and 0.05 U of HIV-1 RT enzyme (1 U equals the amount of enzyme
that catalyzes the incorporation of 1 nmol of [3H]dTMP per h at 378C). The
recombinant HIV-1 RT enzyme and a second murine anti-HIV-1 RT MAb

(anti-RT MAb Intracel), used in the RT assays, were obtained from Intracel.
Anti-RT MAb 3 was partially purified from murine hybridoma supernatant by
40% ammonium sulfate precipitation and renaturation by dialysis in phosphate-
buffered saline (PBS). Reaction mixtures with or without 0.5 mg of MAbs in 25
ml of a solution containing 0.05 U of RT of enzyme in PBS were kept at room
temperature for 15 min to allow the binding of MAb with the RT enzyme. Then
the remaining 75 ml of the mixture containing the substrate was added to each
tube, and the reactions were carried out at 378C for 35 min. As a negative control,
two MAbs which do not bind to HIV-1 RT, concentrated with ammonium sulfate
precipitation as described above, were used. As a positive control, the RT
inhibitor N3dTTP, a triphosphate derivative of AZT (Moravek, Inc.), was used
(47). The enzymatic reaction was stopped by adding 1 ml of 0.5 M EDTA. A
15-ml aliquot of the reaction was spotted onto DE81 chromatography paper
(Whatman International, Ltd., Madison, England), washed three times for 5 min
in PBS, washed once with 100% ethanol, dried, mixed with scintillation cocktail,
and analyzed in an automated scintillation counter (model LS6000K; Beckman).
Production of amphotropic retroviruses. Helper-free, recombinant murine

leukemia virus-based retroviruses were produced by transfection of recombinant
retroviral vector plasmids into PA317 packaging cells. Approximately 50% con-
fluent PA317 cells were transfected in 100-mm-diameter dishes with 10 mg of the
plasmid DNA, using a standard calcium phosphate transfection method (Pro-
mega), and incubated in growth medium for 14 h. This medium was then re-
moved and replaced with fresh growth medium. After a 24-h incubation, cells
were grown in growth medium containing G418 (750 mg/ml; Sigma). The me-
dium was changed every 3 to 4 days until colonies formed. The G418-resistant
colonies were then pooled together and grown for 1 more week in medium
containing G418.
Transduction of T-lymphocytic cells. For transduction of SupT1 cells, 5 ml of

G418-free supernatant from transfected PA317-selected cell cultures was used to
infect 13 106 to 23 106 target cells with Polybrene (8 mg/ml) for 24 to 48 h. Cells
were then washed with serum-free medium and maintained in G418 selection for
2 days. Clonal cell lines were isolated by limiting dilution and G418 selection.
Mixed cellular populations were isolated by continuously culturing the cells in
G418-containing medium (750 mg/ml) for 3 weeks.
HIV-1 infections. (i) One-step viral growth. One-step HIV-1 infectivity exper-

iments were performed with SupT1 cells. Some cells were first treated with 10
mM AZT (Sigma) for 45 min at 378C to allow AZT to penetrate the cells. Then
AZT-treated SupT1 cells or transduced SupT1 cells expressing either CAT,
anti-Rev D8SFv (13), or anti-RT SFv3 were infected with HIV-1NL4-3 at a very
high multiplicity of infection (MOI) of 2.0 for 2 h. Cells were then washed with
PBS three times, treated with 5 U of RNase-free DNase I (Sigma) in 10 mM
MgCl2, and incubated at 378C for 30 min. Cells were washed three times with
PBS to remove DNase I and then maintained in growth medium until collected
at various time points postinfection (1, 3, 6, and 20 h) for isolation of total
cellular DNA.
Total cellular DNA was prepared by a quick lysis method as previously de-

scribed (22). The procedure includes suspension of cells in 100 ml of solution A
(10 mM Tris-HCl [pH 8.3], 100 mM KCl), lysis in 100 ml of solution B (10 mM
Tris-HCl, [pH 8.3], 1% Tween 20, 1% Nonidet P-40) containing 25 mg of
proteinase K, and incubation at 608C for 60 min. The samples were then boiled
for 30 min to inactivate the proteinase K. The synthesis of viral DNA was
detected by PCR, using the SK38-SK39 primer pair, which is located in the gag
region of the HIV-1 genome (1). To amplify b-globin DNA sequences, primer
pair PCO3-PCO4 was used with 50-fold-diluted DNA samples as an internal
control to normalize for cellular DNA (39). Quantitative DNA PCR was per-
formed as previously described (49). The PCR products were separated on 1.5%
agarose gels, transferred onto membranes, hybridized with 59-end-labeled 32P-
SK19 probe, specific to the gag sequence, and 32P-RSO6 probe, specific for
b-globin sequences. The oligonucleotide probes were 32P labeled with [g-32P]
dATP (3,000 mCi; NEN Dupont) in a T4 kinase reaction. The hybridized prod-
ucts were quantitated with a PhosphorImager (Molecular Dynamics). The DNA
standard curves, used for quantitation, were derived from ACH-2 DNA, which
contain one integrated copy of HIV-1 double-stranded proviral DNA per cell
(49).
(ii) HIV-1 challenge studies. Viral stocks of the HIV-1 strains used in the

challenge experiments were NL4-3 and R7-HXB2. The G418-selected mixed cell
populations and/or clonal lines were first maintained in G418-free medium for at
least 2 weeks prior to HIV-1 infection. Parental SupT1 cells alone and/or cells
transduced with either CAT or the anti-RT SFv3 were incubated with infectious
NL4-3 and R7-HXB2 virus at various input MOIs (0.001 to 0.012) for 4 h. Cells
were then washed four times with prewarmed, serum-free medium. Cells were
maintained in growth medium. Every 3 to 5 days, cells were split 1:2 to maintain
a cell density of approximately 106/ml, and the culture supernatants were col-
lected for HIV-1 p24 antigen analyses. The HIV-1 p24 antigen levels in super-
natants were determined by enzyme-linked immunosorbent assay (ELISA; Du-
pont). Cell viability was monitored by trypan blue exclusion staining.
Immunostaining for SFv expression. Intracellular SFv protein localization was

determined by indirect immunofluorescence assays (5, 12). The transduced cells
were cultured overnight on eight-chambered glass slides. After removal of the
culture medium, cells were fixed overnight in 95% methanol–5% acetic acid at
48C. Cells were then heat fixed for 1 min at 958C, washed twice with PBS, and
blocked overnight with 3% normal goat serum in PBS at 48C. Cells were incu-
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bated with 1:100-diluted fluorescein isothiocyanate-conjugated goat anti-mouse
IgG (kappa chain specific; Sigma) for 2 h at 378C. After being washed five times
in PBS, cells were mounted and analyzed by epifluorescence microscopy.

RESULTS

Cloning of the anti-RT SFv into a retroviral vector. The VL
and VH chains of the anti-RT SFv were cloned from a murine
hybridoma cell line, RT 3, which produces a MAb that binds to
recombinant HIV-1 RT in ELISAs and Western blots (immu-
noblots). The binding constant to recombinant HIV-1 RT by
ELISA was approximately 1.7 3 1027 M (Fig. 1A) (12, 13). At
least five independent clones, representing the heavy or light
chain, were subjected to sequence analysis. The complete
DNA sequence and predicted amino acid sequence of the
anti-RT SFv were obtained (GenBank/EMBL accession num-
ber 048716). After ligation of VL and VL regions into a single
fragment by using a flexible linker (GGGGS)3 (11), the RT
SFv3 fragment was cloned into a murine leukemia virus-based
retroviral expression vector, pSLXCMV, as shown in Fig. 1B.
The anti-RT SFv was expressed from an internal cytomegalo-
virus promoter. The complete SFv construct, including linker
sequences, consist of 786 bp encoding an approximately 28.5-
kDa protein. The VL and VH chains are 381 and 351 bp,
respectively.
Gene expression by a retroviral vector. Retroviral vectors

are widely used because of their high transduction efficiency
(33). pSLXCMV-CAT, a retroviral construct previously re-
ported, has been shown to maintain stable expression levels of
the CAT reporter gene in SupT1 and CEM cell lines for at

least 4 months (14). High transduction efficiencies (more than
60%) were reported for studies using the pSLXCMV-b-Gal
construct in SupT1 and CEM transduced cells by staining for
b-galactosidase expression (14). To analyze the expression of
the anti-RT SFv gene in human T-lymphocyte-derived cells,
transduced SupT1 cells were G418 selected, and mixed cell
populations were maintained in G418-containing medium for
at least 4 weeks, whereas 20 cellular clones were maintained in
selection medium for approximately 2 months. After G418
selection, cells were grown in medium without antibiotics for
10 days. The expression of anti-RT SFv was analyzed in mixed
cell populations and 10 cell clones by immunofluorescence
staining and also by RT-initiated PCR (not illustrated). As
illustrated in Fig. 2, cytoplasmic localization of the SFv protein
was demonstrated, by specific immunostaining of the anti-RT
SFv, only in RT SFv3-transduced cells. Mixed cell populations
and all the cellular clones analyzed by immunofluorescence
revealed SFv protein expression. With the same technique,
these cells were shown to maintain SFv protein expression for
3 to 4 months of passage in culture. Of note, cell growth curves
and viability were not altered by transduction of the anti-RT
SFv3 (not illustrated).
Neutralization of HIV-1 RT activity by RT MAb 3. To ana-

lyze, in vitro, if binding of MAbs to RT would neutralize its
enzymatic activity (DNA polymerase activity), RT MAbs were
first allowed to bind to the HIV-1 RT enzyme, then DNA
synthesis was carried out with [3H]dTTP in a mixture at 378C
for 35 min, and the polymerized products were quantitated by
scintillation counting (see Materials and Methods). As nega-
tive and positive controls, two murine MAbs which do not bind
to HIV-1 RT (MAb M [mouse anti-hepatitis B virus surface
antigen antibody] and MAb 421 [mouse anti-p53 antibody])
and N3dTTP, an RT inhibitor, were mixed with the RT en-
zyme, and then DNA synthesis was carried out. The results
(Fig. 3) demonstrated a dramatic decrease (75 or 60%) in
DNA polymerase activity of HIV-1 RT in the presence of
either a well-characterized RT MAb (affinity purified; anti-RT
MAb Intracel) or RTMAb 3. Dependence of concentration on
the MAbs was not clearly demonstrable (not shown). The
DNA polymerizing activity was not altered in the presence of
nonspecific MAbs M and 421, while the presence of N3dTTP
completely inhibited (by more than 90%) enzymatic activity, as
it competes with dTTP and acts as a chain terminator. These
results clearly show that specific binding of RT MAb 3 to
HIV-1 RT decreased the activity of this retroviral enzyme in
vitro.
Inhibition of HIV-1 replication in human T-lymphoid cells

expressing anti-RT SFv. To determine whether the intracellu-
lar expression of anti-RT SFv3 was able to prevent HIV-1
replication in susceptible T-lymphoid cells, HIV-1 challenge
experiments were conducted with stably transformed SupT1-
RT-SFv3 cells, using virus strains NL4-3 and R7-HXB2. The
infectivity assays were performed with transduced, mixed
SupT1 cell populations and with cellular clones. For HIV-1
challenge experiments, RT SFv3-transduced cells (mixed pop-
ulations and clones), CAT-transduced SupT1 cells, and non-
transduced SupT1 cells were infected with HIV-1NL4-3 (MOIs
of 0.012 and 0.006) and HIV-1R7-HXB2 (MOIs of 0.01 and
0.001), and the spread of HIV-1 in the cultures was determined
by quantitating the HIV-1 p24 antigen levels released into the
culture medium (Fig. 4). Low levels of HIV-1 p24 antigen were
observed at early time points of infection in the supernatants of
both SupT1-RT-SFv3 and control cells infected with NL4-3
and R7-HXB2 viruses. Parental nontransduced and CAT-
transduced cells further supported the vigorous replication of
HIV-1, as shown by the initial increases in HIV-1 p24 antigen,

FIG. 1. (A) Binding affinity curve for an anti-HIV-1 RT MAb. In vitro bind-
ing affinity of purified anti-HIV-1 RT antibody (RT-AB) molecules (serial dilu-
tions from 2.5 mg per well) was analyzed via ELISA, using bacterially expressed
recombinant HIV-1-RTIIIB protein (1 mg per well; Intracel) and goat anti-
murine horseradish peroxidase-conjugated antibody (AB; Sigma) (12, 13). A
nonreactive control antibody was concomitantly evaluated in the ELISA. Stan-
dard deviations were less than 10%. OD, optical density. (B) Schematic repre-
sentation of the anti-HIV-1 RT SFv gene construct in the retroviral expression
vector pSLXCMV. 5LTR, 59 long terminal repeat; Pkg-Sig, packaging signal;
CMV, cytomegalovirus promoter; Neo, neomycin resistance gene; 39LTR, 39
long terminal repeat.
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which peaked at approximately 15 to 22 days with an MOI of
0.01 (Fig. 4B and D). HIV-1 p24 antigen levels subsequently
decreased in the control cells as a result of the vigorous cyto-
pathic effects of virus replication in these cells and subsequent
cell death (not shown). On days 15 to 22 postinfection, both
SupT1-RT-SFv3 mixed cell populations and SupT1-RT-SFv3
clones 3 and 4 demonstrated approximately 80 to 97% de-
creases in HIV-1 p24 antigen production compared with the
nontransduced SupT1 cells or cells expressing the CAT vector
without SFv (controls). Of note, as with many other gene
therapeutic systems to inhibit HIV-1 (14, 37), with rare excep-
tions (29), increasing the MOI to 1.0 for input virus could
overwhelm much of the effect of anti-RT SFv (not shown). The
challenge experiments in which the cells were infected with
lower doses of virus (MOI of 0.006 or 0.001) showed slightly
delayed initial increases of HIV-1 p24 antigen, which peaked at
days 18 to 25. Again, levels of infection were dramatically
lower in the cells expressing RT-SFv3 than in the vector-trans-
duced cells (Fig. 4A and C). These results indicate that HIV-1
replication was significantly reduced or inhibited in the SupT1-
RT-SFv3 cells. In addition, certain anti-Rev SFvs and isolated
VH chains to HIV-1 Rev did not significantly inhibit HIV-1
replication (not shown).

Microscopically, SupT1-RT-SFv3 cells, when infected with
HIV-1 strains NL4-3 and R7-HXB2, showed delayed and weak
cytopathic effects, as observed by syncytium formation and cell
death (Fig. 5). This result suggests that intracellular anti-RT
SFv expression protected cells against the cytopathic effects of
HIV-1. High numbers of syncytia began to appear in control
SupT1-CMV-CAT cells and nontransduced SupT1 cells be-
tween days 9 and 15, then the level gradually decreased. In
contrast, SupT1-RT-SFv3 cells were totally resistant to syncy-
tium formation until days 12 to 17, when only a few syncytia
began to appear. Syncytia did not significantly accumulate in
the cultures transduced with the anti-RT SFv for over 4 weeks.
Further studies are under way to analyze the cells and ex-
pressed viruses which are present after 1 month in culture and
evaluate potential viral resistance and/or transcriptional shut-
down of the SFv transgene.
Intracellular mechanism of anti-RT SFv effects on inhibi-

tion of HIV-1 expression. To determine whether the observed
decrease in HIV-1 p24 antigen levels correlated with a specific
decrease of viral reverse transcription in the cellular cytoplasm,
secondary to intracellular expression of anti-RT SFv3 in T-
lymphoid cells, one-step HIV-1 infection experiments were
performed with HIV-1NL4-3, at a high MOI of 2.0, to obtain

FIG. 2. Analysis of SFv protein expression in the cytoplasm of T lymphocytes. Immunofluorescent staining of the intracellular anti-RT SFv moiety was demonstrated
in situ. Mixed populations and cellular clones expressing anti-RT SFv protein or CAT were maintained in culture for 2 months and then used for immunostaining of
the RT SFv protein, using a fluorescein isothiocyanate-conjugated goat anti-mouse IgG (kappa chain specific; Sigma). (A) SupT1–anti-RT SFv mixed cellular
populations, transduced with pSLXCMV-anti-RT SFv3, demonstrated specific staining for cytoplasmic SFv. (B) SupT1-CAT cells, transduced with pSLXCMV-CAT
(vector as negative control), showed minimal nonspecific staining (magnification, 3400). Of note, fluorescein isothiocyanate-labeled antibodies to HIV-1 Rev gave no
specific immunostaining in these noninfected cells and acted as a specificity control (not shown). These photomicrographs are representative of several other
experiments with mixed populations and cell clones.

VOL. 70, 1996 ANTI-RT SFv AND HIV-1 3395



   

one-step growth curves of viral replication (see Materials and
Methods). To monitor HIV-1 DNA in the infected cells, viral
DNA levels were compared by using quantitative PCR for
HIV-1 gag DNA. Use of the primer pair SK38-SK39 and the
SK19 probe, which detects HIV-1 gag DNA, leads to positive
results only after the synthesis of almost full-length negative-
strand HIV-1 DNA (49). Of note, negative-strand strong-stop
HIV-1 reverse transcripts were not used for these analyses
because they are abundant intravirion reverse transcripts (48,
49). Thus, little quantitative changes in strong-stop negative-
strand moieties were detectable in these studies (not shown).
These studies were performed on SupT1-CAT, SupT1-plus-
AZT, SupT1-Rev-SFvD8, and SupT1-RT-SFv3 mixed popula-
tions and cell clones at 1, 3, 6, and 20 h postinfection. The
results (Fig. 6) demonstrate that the levels of HIV-1 gag DNA
sequences were significantly lower (60 to 88%) (40 or fewer
HIV-1 DNA copies per 104 cells at 1, 3, 6, and 20 h postinfec-
tion) in cells expressing anti-RT SFv3 than in the control cells
transfected with either pSLXCMV-CAT (vector) or pSLXCMV-
D8SFv, in which the HIV-1 DNA copy numbers were more
than 1,800 to 2,500 per 104 cells at 3 to 20 h after infection. Of
note, the anti-Rev SFv inhibits HIV-1 expression at a postint-
egration step by altering Rev function and thus does not affect
reverse transcription (13). The lack of effect of anti-Rev SFv on
HIV-1 DNA synthesis demonstrates that transduction of cells
with an SFv which does not bind to HIV-1 RT does not non-
specifically alter intracellular reverse transcription. As dramat-
ically high MOIs of HIV-1 were used in these studies to gen-
erate one-step growth, viral inhibition was not appreciable
because of early cellular death secondary to initial syncytium
formation (not shown; see above).
As a positive control, AZT treatment demonstrated signifi-

cant decreases (68 to 85%) in viral DNA synthesis in SupT1
cells, with approximately 35 or fewer copies of HIV-1 DNA,
compared with both control cells expressing either CAT or
anti-Rev SFv. Thus, the intracellular expression of anti-RT
SFv3 is shown to decrease viral DNA to levels comparable to
those in the AZT-treated cells. This result suggests that early
stages of the viral life cycle were specifically altered or inter-
fered with by the anti-RT SFv.

DISCUSSION

In this report, we demonstrate that the expression of an
anti-RT SFv moiety in the cytoplasm of susceptible human
T-lymphocytic cells markedly decreased HIV-1 replication by
specifically inhibiting HIV-1 RT activity. The importance of
this approach is based on its ability to significantly decrease
HIV-1 replication before viral integration into the host ge-
nome and the establishment of a proviral state in the infected
cell.
The HIV-1 RT enzyme is multifunctional and catalyzes the

synthesis of a double-stranded DNA copy of the viral RNA
(44) by RNA-dependent DNA polymerase, DNA-dependent
DNA polymerase, and RNase H activities (21, 45). Therefore,
it is an excellent target for antiviral therapy. RT enzymes can
use a variety of RNA and DNA primers within in vitro assays.
In general, the assays are based on measurements of DNA
polymerase activity by using synthetic primers and templates
and lead to an elongation reaction (21). For many years, the
only approved antiviral treatments of AIDS in the United
States were drugs which targeted HIV-1 RT, although viral
protease inhibitors are now available. The drugs which inhibit
HIV-1 RT are used to inhibit viral DNA synthesis by acting as
chain terminators (19). Viruses resistant to RT inhibitors ap-
pear very quickly during the course of AIDS treatment and in
tissue culture (14, 23, 24). Therefore, novel gene therapy ap-
proaches have received great attention for antiviral therapeu-
tics (37). Accordingly, we are using the intracellular immuni-
zation approach and analyzing anti-RT SFvs via cell culture
assays for potential interference in HIV-1 RT functions as a
molecular antiviral therapy.
This is the first report describing the construction of a re-

combinant anti-HIV-1 RT SFv construct, in a retroviral vector,
whereby the actual antigen-binding fragments of the immuno-
globulin, the VL and VH chains of an anti-RT MAb, were
joined together via a flexible linker as a single molecule. As
well, we demonstrate its potential use as a gene therapeutic
approach to restrict HIV-1 replication in human cells. Intra-
cellular expression of anti-RT SFv renders the HIV-1-permis-
sive cells resistant to wild-type growth of several strains of
HIV-1. In protected cells, HIV-1 propagation was restricted at
early stages of viral replication after the entry of virions into
the cellular cytoplasm rather than at later stages of the HIV-1
life cycle, during which the assembly and production of virions
occur (18). We observed a dramatic decrease in viral DNA
synthesis within 1 to 3 h of viral infection in cells expressing
anti-RT SFv, at levels similar to those found after AZT treat-
ment. Nevertheless, the effects of anti-RT SFv were somewhat
less intense than those of AZT, and triphosphorylated AZT
may have somewhat diminished levels by 12 h postinfection.
AZT selectively interacts with HIV-1 RT, blocks the RT-me-
diated reverse transcription, inhibits viral replication, and
blocks the cytopathic effects of HIV-1 in cell culture (19). The
blockade of the reverse transcription process in the RT SFv-
expressing cells suggests that the HIV-1 RT enzyme, upon
binding with SFv, is not functionally available in the preinte-
gration complex for completing the reverse transcription pro-

FIG. 3. Inhibition of HIV-1 RT activity by anti-RT MAb 3. A purified HIV-1
RT enzyme was treated with MAbs or N3dTTP (an RT inhibitor) as described in
Materials and Methods and assayed for exogenous RT activity. RT assays were
based on the DNA polymerase activity, which catalyzes the elongation of oligo-
nucleotide primer (dTTP), using a synthetic RNA template, poly(rA)12–18, in
the presence of labeled [3H]dTTP. Activity is expressed as counts per minute of
[3H]dTMP incorporation in the presence of the following: bar 1, control, time
zero reaction without RT; bar 2, HIV-1 RT alone (0.05 U), 35-min reaction; bars
3 to 7, RT plus anti-RT MAb Intracel, anti-RT MAb 3, nonspecific MAb M,
nonspecific MAb 421, and N3dTTP (2 mM), respectively. All reactions were
carried out in duplicate. The graph represents the averages of two independent
experiments.
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cess and hence interrupts the steps before the establishment of
a provirus and DNA integration into the host genome. Of note,
targeting the regulatory protein Rev with SFvs would not pre-
vent viral integration into the host genome, as Rev SFvs inter-
fere with the viral life cycle at later stages, after the establish-
ment of a provirus (13).
Our results agree with certain of the findings recently re-

ported by Maciejewski et al. (29), which suggested the intra-
cellular formation of anti-RT Fab fragments whereby the light
and heavy chains of IgG molecules were separately cloned in

episomal expression vectors (pMEP4 and pREP9) from a
mouse hybridoma producing an anti-RT MAb. These studies
appeared to demonstrate the inhibition of HIV-1 replication in
MOLT-3 cells only when both light and heavy chains were
expressed together, by separate vectors, in the cells. These
were surprising results, as the reducing environment of the
cytoplasm is a relatively poor milieu for heavy- and light-chain
interactions from separate plasmids (6, 17, 35). In comparison
to the studies of Maciejewski et al., our experiments have two
distinct differences: (i) the MAb3 had a significant RT neutral-

FIG. 4. Inhibition of HIV-1 replication in anti-RT SFv-transduced SupT1 cells. The SupT1 cells transduced with CAT- or RT SFv-expressing retroviral vectors
(mixed populations [Mix] or clones) and nontransduced SupT1 cells were infected with HIV-1NL4-3 (MOIs of 0.012 and 0.006) (A and B) or HIV-1R7-HXB2 (MOIs of
0.010 and 0.001) (C and D). HIV-1 replication was quantitated by assaying HIV-1 p24 antigen levels in the culture supernatants, using an ELISA (Dupont). The data
are representative of at least two sets of independent experiments.
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ization effect, whereas, Maciejewski et al. used a hybridoma
which did not neutralize HIV-1 RT activity in vitro (29), and
(ii) our anti-RT SFv was significantly smaller than the intra-
cellular Fab fragments used by Maciejewski et al. Of note,
though, it is not clear that extracellular neutralization of exog-
enous HIV-1 RT activity by anti-RT SFvs will strictly correlate
with intracellular immunization effects. The utilization of SFv

molecules may be more suitable for intracellular immuniza-
tion, since they consume relatively fewer resources of the
transduced cell and hence should not interfere with normal
cellular functions (12, 13). In addition, a single molecule, such
as an SFv, is absolutely necessary for efficient ex vivo gene
therapy in humans.
Experiments were performed to determine which function

FIG. 5. Anti-RT SFv inhibition of cytopathic effects of HIV-1 infection. Shown is the microscopic morphology (syncytium formation and cell death) of SupT1 cells
infected with syncytium-inducing strain HIV-1R7-HXB2 (MOI of 0.001) after 17 days postinfection. (A) CAT (vector)-expressing cells; (B) mixed cell populations
expressing anti-RT SFv; (C) clone 4 expressing anti-RT SFv. Syncytium formation was photographed at a magnification of3400. Similar results for syncytium formation
were observed when the cells were infected with HIV-1NL4-3 (not shown).

FIG. 6. Quantitative PCR analyses of HIV-1 DNA in cells expressing anti-RT SFv. Various SupT1 lines were infected with cell-free HIV-1NL4-3 (MOI of 2.0). Total
cellular DNA was prepared from cells by using a quick lysis procedure (36, 49), and the DNA (1.43 104 cell equivalents per lane) was amplified by PCR with the primer
pairs SK38-SK39, complementary to the gag region of the HIV-1 genome, and PCO3-PCO4, complementary to b-globin cellular gene, used as an internal control. As
a positive control, AZT-treated SupT1 cells were also analyzed. Note that fresh AZT was readded to these cells after virion infection and washing. As well, anti-Rev
SFv-transduced cells were evaluated. A standard curve of 10-fold serial dilutions of ACH-2 DNA is included. The levels of viral DNA (copy numbers) were calculated
on the basis of the DNA standard curves, and the percentage changes compared with control values were calculated on the basis of quantitative measurements of
hybridized products, using a PhosphorImager. The data are representative of at least two independent experiments.
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of the HIV-1 RT was interfered with by RT MAb 3 in in vitro
assays (10, 16). The anti-RT MAb used in these studies binds
strongly with HIV-1 RT in ELISAs and is capable of neutral-
izing the DNA polymerase activity of HIV-1 RT within in vitro
assays with a synthetic primer-template. Preliminary results
showed binding of MAb 3 to a synthetic peptide which overlaps
the DNA polymerase activity domain of HIV-1 RT (amino
acids 325 to 349 of the HIV-1 polymerase) (not shown). There-
fore, these experiments suggested that this particular MAb
alters RT function by inhibiting DNA polymerase activity. Ex-
periments are in progress to further confirm the mapping of
the precise epitopes or domains to which the MAb binds on
RT. Recently, we have constructed this anti-RT SFv in a bac-
terial expression vector and are further characterizing the SFv
protein for its abilities to bind HIV-1 RT and synthetic pep-
tides of RT. In addition, primary viral isolates, with and with-
out RT mutations, are now being systematically evaluated with
the anti-HIV-1 RT SFv.
The results of these experiments extend our previous find-

ings that single-chain antibodies can be stably expressed, func-
tion in the cytoplasm, and are nontoxic to human cells (13, 14).
Folding of the SFv within the cell to form functional binding
sites can occur in the reducing environment of the cytoplasm
(5, 12). The SFvs can also be precisely manipulated for binding
to specific epitopes on the target molecules intracellularly (12–
14, 30, 32). Thus, SFvs may provide a tool for the control of
intracellular infections and other diseases as well as for under-
standing the biological mechanisms in cells leading to a disease
state. To achieve even stronger and longer-term protection, we
are constructing two or more SFvs on the same vector, target-
ing different steps (e.g., RT and Rev) of the HIV-1 life cycle.
We believe that such a multistep strategy may further increase
the potency of this gene therapeutic approach.
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