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Integration of viral DNA into a chromosome of the infected host cell is required for efficient replication of
a retroviral genome, and this reaction is mediated by the virus-encoded enzyme integrase (IN). As IN plays a
pivotal role in establishing infection during the early stages of the retroviral life cycle, it is an attractive target
for therapeutic intervention. However, the lack of effective antiviral drug therapy against this enzyme has led
to the testing of other novel approaches towards its inhibition. In these studies, a panel of anti-human immuno-
deficiency virus type 1 (anti-HIV-1) IN hybridomas has been used in the construction of single-chain variable
antibody fragments (SFvs). The monoclonal antibodies produced by these hybridomas, and derived SFvs, bind
to different domains within IN. We now demonstrate that intracellular expression of SFvs which bind to IN
catalytic and carboxy-terminal domains results in resistance to productive HIV-1 infection. This inhibition of
HIV-1 replication is observed with SFvs localized in either the cytoplasmic or nuclear compartment of the cell.
The expression of anti-IN SFvs in human T-lymphocytic cells and peripheral blood mononuclear cells appears
to specifically neutralize IN activity prior to integration and, thus, has an effect on the integration process
itself. These data support our previous studies with an anti-HIV-1 reverse transcriptase SFv and demonstrate
further that intracellularly expressed SFvs can gain access to viral proteins of the HIV-1 preintegration com-
plex. This panel of anti-HIV-1 IN SFvs also provides the tools with which to dissect the molecular mecha-
nism(s) directly involved in integration within HIV-1-infected cells.

An early event in the life cycle of all retroviruses, including
human immunodeficiency virus type 1 (HIV-1), is integration
of a double-stranded DNA copy of the viral genome into chro-
mosomal DNA of the host cells. This step is necessary for
productive viral replication (37). Genetic analyses have shown
that the integrase-encoding region, located at the 39 end of the
pol gene, and sequences at the termini of retroviral DNA are
required for this reaction (37).
Soon after infection, retroviral DNA and proteins are found

within a subviral nucleoprotein complex in the cytoplasm of
infected cells (8, 25). In vitro, these isolated complexes can
accomplish integration of viral DNA into an exogenous target
molecule (8, 28). In a natural infection, linear viral DNA con-
tained within preintegration complexes has been shown to be
the direct precursor of proviral DNA. When integrase (IN)
function is abrogated by site-specific mutagenesis, newly syn-
thesized viral DNA cannot be integrated. Instead, intracellular
accumulation of viral DNA with joined ends, producing a tan-
dem arrangement of the viral long terminal repeat sequences
(2-LTR), is observed (10, 26).
Analysis of IN activity in vitro has demonstrated that this

viral product is the only protein required for integration (16,
30, 36). The integration reaction, as defined by in vitro studies,

proceeds in two critical steps. The first step (processing) is
integrase-dependent cleavage of two nucleotides from the 39
end of each strand of viral DNA. The next step (joining) is a
concerted cleavage and ligation reaction. In this step, a stag-
gered cut is generated in the target DNA by nucleophilic attack
involving the hydroxyl group present at the recessed 39 ends of
viral DNA, which then becomes linked to the 59 ends of the
target DNA at the cleavage site (28, 41, 59, 62). The resulting
gaps in the target DNA are repaired, likely by host enzymes, to
create short direct repeats flanking the provirus, a hallmark of
all retroviral integration reactions (37, 41).
Although it has been over a decade since the discovery of

HIV-1 as the etiologic agent of AIDS, there has been modest
progress in the development of adequate therapy to stop or
significantly alter the ultimately fatal course of the infection
(33). Such a course leads to severe immunodeficiency in most
infected individuals, specifically by depleting CD41 T lympho-
cytes, which appear to be the major viral reservoirs present in
lymphoid organs and in the peripheral blood (42a).
As IN plays a key role in the early stages of the retroviral life

cycle, this protein has become a very attractive target for spe-
cific therapy against HIV-1. Analysis of the integrase reaction
in vitro has demonstrated that HIV-1 IN protein can be seg-
regated into several functional domains (27). The amino ter-
minus of IN possesses zinc finger homology. The central core
domain harbors catalytic activity and is characterized by the
presence of three invariant acidic residues (D, D-35, E) (39).
Finally, a less conserved carboxy-terminal domain may be in-
volved in dimerization of IN, as well as providing a nonspecific
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DNA binding activity (3, 27, 35). Collectively, the integrity of
these domains is important for precise and efficient integration
of retroviral DNA into the host cell’s genome (37). Tradition-
ally, antiviral approaches have been aimed at limiting lentiviral
replication. Although HIV-1 IN is conceptually an ideal target
for inhibition of HIV-1 replication, unlike HIV-1 reverse tran-
scriptase (RT), there are only a few reported compounds
which inhibit HIV-1 IN (12, 13, 52). Currently, antiviral ther-
apies based on RT inhibitors, protease inhibitors, cytokines,
and receptor blocking agents are not completely successful.
This is due to the ability of HIV-1 to mutate, which results in
rapid development of numerous variants, some of which can
evade host defenses or become resistant to various antiviral
agents (29, 64). However, an alternative approach, antiviral
gene therapy, in which host cells may be genetically altered or
engineered to confer long-lasting protection against viral in-
fection or replication, appears to be an attractive and convinc-
ing technology (18, 58). Several such strategies are currently
being reported and applied towards the inhibition of HIV-1
replication or the elimination of the infected cells. They in-
clude exploitation of trans-dominant-negative mutant HIV-1
protein expression, viral antisense oligonucleotide sequences,
specific ribozymes, and HIV-1 trans-activated suicide genes
(15, 44, 45, 66, 69).
Recently, several reports described the successful use of an

intracellular immunization strategy, targeted against HIV-1
replication, which involved the expression of recombinant
genes encoding antibody fragments within cells (19–23, 47, 49,
61). Advances in the design and engineering of single-chain
antigen binding proteins promise increased utility of such re-
combinant antibody genes (21, 67). The single-chain variable
fragment (SFv) of an antibody is the smallest structural domain
which retains the complete specificity and binding site capabil-
ities of the parental 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 mamma-
lian cell growth and can be used to understand the normal, as
well as pathological, cellular processes (7).
Recently, we have reported that intracellular expression of

SFv moieties targeted to the HIV-1 regulatory protein Rev and
RT potently inhibited HIV-1 replication in human cells (19–23,
58, 61, 68). Rev is pivotal to the life cycle of HIV-1 after
integration of viral DNA into the host genome, functioning to
establish the provirus and acting by rescuing unspliced viral
RNA from the nuclei of HIV-1-infected cells (17). The data
generated from our anti-HIV-1 RT SFv studies indicate that
the preintegration complex can be targeted by using protein-
based gene therapeutic strategies (61). To further expand in-
tracellular immunization as a tool for gene therapy in the
treatment of HIV-1 infections, IN of HIV-1 was targeted for
specific blockade by intracellular SFv expression in order to
halt HIV-1 replication prior to integration. We now report the
construction of a panel of complete SFvs from murine hybri-
domas producing anti-HIV-1 IN immunoglobulin G (IgG)
(43). The IN enzyme of HIV-1 was also chosen as a target for
SFv-induced inhibition in order to study the early stages of
HIV-1 replication, prior to the establishment of the provirus. If
such a step can be blocked successfully, viral replication in
human cells should be halted. In addition, inhibition of HIV-1
IN by SFvs that are preferentially expressed in different cellu-
lar compartments would also provide some clues as to how IN
may function within the HIV-1 preintegration complex and
how it may interact with host cell factors to accomplish inte-
gration with marked efficiency and specificity.

MATERIALS AND METHODS

Construction of anti-IN SFvs. The five murine hybridoma cell lines used in
these studies, which produce monoclonal antibodies (MAbs) against HIV-1 IN,
have been described previously (6). The immunogen used to generate these
anti-IN MAbs was the bacteria-expressed recombinant HIV-1 IN protein. The
hybridoma cells were grown in RPMI 1640 medium supplemented with 10% fetal
calf serum (FCS) after the hybridomas were transduced with a retroviral vector
that expresses a murine abVk ribozyme, as described previously (20). Approxi-
mately 23 107 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 supernatants containing IN MAbs were used in
the in vitro IN antigen binding assays, as described previously (6).
The cDNAs of the variable heavy chain (VH) and light chain (VL) regions of

anti-HIV-1 IN monoclonal IgG transcripts were synthesized by RT-initiated
PCR (RT PCR) (4, 19). Primer sets used to amplify murine variable-region heavy
and light chains (Ig-Primer Methodology) were obtained from Novagen (Mad-
ison, Wis.). For first-strand cDNA synthesis, 5 mg of total RNA was mixed with
the 39 primers (antisense) specific for VL or 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 a buffer containing 0.07 M KCl, 0.02 M Tris (pH 8.3), 5 mM dithiothreitol, and
1.0 mM (each) deoxynucleoside triphosphate (dNTP) in a 10-ml volume. After
reverse transcription, 5 ml of template cDNA was subjected to PCR amplifica-
tion, using the appropriate primers (Novagen) along with 0.5 ml of Taq polymer-
ase (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 Corp.) 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, anneal-
ing for 90 s at 508C, and extension for 60 s at 728C, with a final extension of 10
min. Each of the PCR-amplified fragments was cloned into the pT7 Blue (R)
vector (Novagen) (50). Clones were first screened by PCR amplification, using
primers specific to the pT7 polylinker for the correct size, and analyzed further
by DNA sequencing. PCR primers (59 and 39 ends) containing appropriate
restriction enzyme sites for further cloning were used to reamplify each of the VL
and VH fragments, with deletion of the remaining secretory leader sequences.
The DNAs of light and heavy chains were joined together via a flexible linker, as
described by Duan et al. (22). The anti-IN VL fragment was cloned via NdeI and
ApaI sites 59 to the linker, and the anti-IN VH was cloned as a BglII-EcoRI
fragment 39 to the linker, to obtain anti-IN SFvs as a single gene construct. As a
control SFv, a human anti-hepatitis B virus (anti-HBV) core antigen SFv has
been constructed by using the M13-based phage display system (reference 54 and
unpublished data).
For construction of SFvs that contain the HIV-1 Tat nuclear localization signal

(NLS) (63), the following two oligonucleotides were synthesized: TatS-1 (59-CC
GAGCTCGGCAGGAAGAAGCGGAGACAGCGACG-39) and TatS-2 (59-CC
AGATCTGTTCTGATGAGCTCTTCGTCGCTGTCTCCGCTTC-39). The Tat
NLS DNA fragment was synthesized by incubating 1 mg of each of the oligonu-
cleotides to form a hemiduplex, followed by PCR amplification in a 100-ml
volume containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl2, 200
mM (each) dNTP, and 5 U of Taq polymerase. The cycling conditions were as
follows: 948C for 1.5 min, 508C for 1.5 min, and 728C for 2 min for 10 cycles. The
PCR products were cloned directly in the pT7 Blue (R) vector (Novagen) to
generate plasmid pT7 Tat-sig. The 54-bp SacI-BglII DNA fragment was then
inserted into pT7IN-SFv33, which was partially digested with SacI and BglII to
generate pT7IN-SFv33/NU.
The murine leukemia virus-based retroviral expression vector pSLXCMV,

which contains the bacterial neomycin resistance gene (neo), was used in these
experiments (54, 60). Each of the anti-IN SFv constructs was subcloned as an
MluI-XhoI fragment in the MluI-XhoI sites of the polylinker region of pSLX
CMV vector. Accurate cloning of all of the DNA of the SFvs in the vector was
confirmed by DNA sequencing. The construction and characterization of the
pSLXCMV-CAT and pSLXCMV-D8 SFv vector constructs, which express chlor-
amphenicol acetyltransferase (CAT) and an anti-Rev SFv protein, respectively,
and which were used as controls in certain experiments, have been described
previously (23).
In vitro binding of anti-IN SFvs. Methods for bacterial expression of each of

the anti-HIV-1 IN SFvs were reported previously (22). Briefly, during the con-
struction of SFvs, NdeI and BamHI sites were added to the 59 and 39 ends of the
SFv cDNA fragments by PCR-based oligonucleotide amplification. The NdeI
and BamHI SFv fragments were inserted into the pET19b vector (50). Expres-
sion of SFvs in Escherichia coli DE21, which carries inducible T7 RNA polymer-
ase (65), has been demonstrated previously (23).
After induction of SFv expression by growth in 1 mM isopropyl-b-D-thioga-

lactopyranoside (IPTG) for 4 h, analysis of fractions from lysed cells indicated
that the vast majority of recombinant SFv protein was in an insoluble form. For
assays of expression of SFvs in E. coli, 5 ml of induced bacterial lysate (insoluble
fraction) was loaded and separated by 12% polyacrylamide gel electrophoresis
(PAGE) (48). For partial purification of SFv proteins, Ni21 columns were uti-
lized; the insoluble fraction was dissolved in 6 M urea and applied to the metal
chelation affinity resin. Renaturation of the denatured bound protein was ac-
complished directly on the column by 1 M stepwise reductions in the concen-
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tration of urea in the binding buffer prior to elution with buffer containing 250
mM imidazole in the absence of urea.
Binding affinities of anti-IN SFvs were determined via enzyme-linked immu-

nosorbent assay (ELISA) after coating of the wells with purified recombinant
HIV-1 or avian sarcoma virus (ASV) IN (6). Ni21 column-purified anti-HIV-1
SFvs and parent murine anti-IN IgGs were diluted at various concentrations,
starting at 4 mg/ml, and added to the wells for further incubation. After the wells
were washed with phosphate-buffered saline (PBS), alkaline phosphatase-conju-
gated goat anti-mouse antibody was applied for detection (6).
Specificity of anti-IN SFvs was next demonstrated by Western blot (immuno-

blot) analysis. Total protein from E. coli cells induced for the production of
HIV-1 IN was separated by PAGE and transferred to a PVD transfer membrane
(Dupont Inc.). After being blocked with a 5% milk–PBS solution, the proteins
were probed with either IN MAb33, anti-IN SFv33, or anti-IN SFv4 and then
with horseradish peroxidase-conjugated goat anti-mouse IgG, as a secondary
antibody, using the ECL system (Amersham Life Science).
Cell cultures. The PA317 amphotropic-retrovirus-packaging cell line was

maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FCS (GIBCO-BRL) (54). The same culture conditions were used for
NIH 3T3 cells. SupT1 is a CD41 human T-lymphocytic cell line, susceptible to
HIV-1 infection (57), which was grown in RPMI 1640 medium supplemented
with 10% FCS. All the cells were grown at 378C in a humidified incubator with
5% CO2.
Production of amphotropic retroviruses.Helper-free recombinant murine leu-

kemia virus-based retroviruses were produced by transfection of PA317 packag-
ing cells with recombinant retrovirus vector plasmids. PA317 cells that were
approximately 50 to 60% confluent were transfected in 100-mm dishes with 20 mg
of the plasmid DNA by a standard calcium phosphate transfection method
(Promega, Inc.) and then incubated in DMEM containing 10% FCS (growth
medium) for 14 h. This medium was then removed and replaced with fresh
DMEM growth medium. After a 24-h incubation, cells were replated in DMEM
growth medium containing G418 (750 mg/ml; Sigma). The medium was changed
every 4 days until colonies formed. The G418-resistant colonies were then pooled
and grown for two more weeks in medium containing G418.
Transduction of T-lymphocytic cells and human PBMC. For transduction of

SupT1 cells, 5 ml of G418-free supernatant containing virions produced by
transfected PA317 cells was used to infect 1 3 106 to 2 3 106 target cells, in the
presence of polybrene (4 mg/ml), for 24 to 48 h. Cells were then washed with
serum-free medium and maintained under G418 selection conditions for 2
weeks. Each of the infected cell populations was cultured in G418-containing
medium (800 mg/ml) for 3 weeks.
Human peripheral blood mononuclear cells (PBMC) purified from buffy coats

of several HIV-1-seronegative individuals were stimulated with phytohemagglu-
tinin (5 mg/ml) and interleukin-2 (200 U/ml) for 3 days; then 106 PBMC were
cultured with 10 ml of supernatant from the indicated SFv-transfected PA317
cultures for 3 days, with daily replacement with fresh supernatant. The trans-
duced PBMC, cultured only in interleukin-2 (100 U/ml), were then challenged
with HIV-1.
HIV-1 challenge studies. Viral stocks of the HIV-1 strain NL4-3 (2) were used

in the challenge experiments. In certain experiments, a primary syncytium-in-
ducing HIV-1 clinical isolate was also utilized. The preparation of viral stocks
and their titration (by the use of tissue culture infectious doses) were previously
described in detail (23). The G418-selected mixed populations of HIV-1-suscep-
tible cells that expressed the indicated SFvs were maintained in G418-free me-
dium for at least 2 weeks prior to HIV-1 infection. Parental SupT1 cells alone
and cells transduced with anti-IN SFvs, CAT, or the anti-HBV core SFv were
incubated with infectious cell-free HIV-1NL4-3 virions at various input multiplic-
ities of infection (MOIs) (0.04 to 0.06) for 4 h. The cells were washed four times
with prewarmed serum-free medium and then maintained in growth medium.
Every 3 days, cells were split 1:2 to maintain a cell density of approximately
106/ml and the culture supernatants were collected for HIV-1 p24 antigen anal-
yses. The HIV-1 p24 antigen levels in supernatants were determined by ELISA
(Dupont). Cell viability was monitored by trypan blue exclusion staining.
One-step viral growth and 2-LTR DNA assays. One-step HIV-1 infectivity

experiments were performed with nontransduced SupT1 cells and SupT1 cells
which were transduced with different anti-IN SFvs. HIV-1NL4-3 at a high MOI
(2.0) was used to infect these cells for 4 h. Cells were then washed with pre-
warmed serum-free medium and cultured for different time periods. At 4, 6, 8,
and 16 h after HIV-1 infection, cells were harvested by low-speed centrifugation
and washed with PBS. Total cellular DNA was prepared by a quick lysis method,
as previously described (1, 68). This included suspension of 106 cells in 100 ml of
solution A (10 mM Tris-HCl [pH 8.3] and 100 mM KCl) and lysis in 100 ml of
solution B (10 mM Tris-HCl [pH 8.3], 1% Tween 20, and 1% Nonidet P-40)
containing 25 mg of proteinase K, followed by incubation at 608C for 60 min. The
samples were then boiled for 30 min to inactivate the proteinase K. HIV-1
infection was confirmed by assaying for the synthesis of viral DNA by PCR with
the SK38-SK39 primer pair, which is located in the gag region of the HIV-1
genome, using 5 ml of cell lysate (1, 42). To amplify viral 2-LTR DNA moieties,
a nested PCR was developed with two primer pairs: M667-U32 and U5-2LTR–
U3-2LTR. (M667 is 59-GGCTAACTAGGGAACCCACTG-39, U32 is 59-GGC
AAAAAGCAGCTGCTT-39, U5-2LTR is 59-GAGATCCCTCAGACCCTTTT
AG-39, and U3-2LTR is 59-GTAAGTGGATATCTGATCCCTG-39.) The first

PCR, performed with primer pair M667-U32, was for 29 cycles in a 25-ml volume
with reaction conditions as follows: 5 min at 948C (for denaturation), 948C for 1
min 20 s, 458C for 45 s, and then 728C for 10 min (for extension). From the first
PCR reaction mixture, 5 ml of PCR product was further amplified with the
U3-2LTR–U5-2LTR primer pair for 25 cycles under the same amplification
conditions as were used for the first PCR round. The PCR products were
separated on 1.5% agarose gels, transferred onto membranes, and hybridized
with a 32P-59-end-labeled oligonucleotide (AA50) probe specific for the U5
sequence and a 32P-labeled SK19 probe specific for gag sequences (1). The
oligonucleotide probes were 32P labeled by using [a-32P]dATP (3,000 mCi; Du-
pont NEN) in a T4 kinase reaction (48). The hybridized products were analyzed
with a PhosphorImager (Molecular Dynamics). The details of the construction of
the 2-LTR DNA plasmid control which was used in this PCR reaction have been
previously published (40).
Immunostaining for SFv expression. Subcellular localization of intracellularly

expressed SFv proteins within the cells was determined by indirect immunoflu-
orescence assays (19). NIH 3T3 cells were cultured on eight-chambered glass
slides overnight. After transfection of different retroviral SFv expression plas-
mids by a calcium phosphate coprecipitation method (48), cells were then fixed
in 3.5% formaldehyde at room temperature for 10 min followed by treatment
with a 0.1% Nonidet P-40–PBS solution for 10 min at room temperature; they
were then washed twice with PBS. Cells were incubated with a 1:200 dilution of
goat anti-mouse polyclonal IgG Fab fragment (Nordic Immunology, Inc.) and a
1:500 dilution of FluoroLink-Cy2-labeled donkey anti-goat IgG (Amersham Life
Science) 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-IN SFvs in retroviral and bacterial ex-
pression vectors. Sequences encoding VL and VH chains of the
anti-IN MAb were cloned from five murine hybridoma cell
lines. These included hybridomas 4, 12, 17, 21, and 33, which
produce MAbs that bind to different domains of HIV-1 IN, as
assessed by ELISA and Western blotting (6). The binding
regions and relative affinities reported for each of the anti-IN
IgGs are summarized in Fig. 1. At least three independent
clones, representing the heavy or light chains, were subjected
to sequence analysis. The complete predicted amino acid se-
quences of the complementarity-defining regions (CDRs) of
each anti-IN SFv were obtained (Fig. 2). It is of note that the
critical CDR3 domains, so important in specific epitope bind-
ing (56) in the VH chains of the various HIV-1 IN MAbs, differ
markedly. After ligation of VL and VH chains into a single
fragment by utilizing the flexible linker (GGGGS)3 (5), each of
the SFv fragments was cloned in both a murine leukemia

FIG. 1. Binding domains of anti-HIV-1 IN monoclonal antibodies. Each of
the anti-HIV-1 IN MAbs was purified, and the in vitro binding affinities of the
purified antibodies to bacterially expressed HIV-1 IN protein (derived from the
BRU strain) were analyzed via ELISA. The binding domain of each was mapped
by using various deleted IN proteins (6). Note that the functional motifs in
HIV-1 IN are illustrated at the top of the diagram, although precise boundaries
are not yet fully defined.
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virus-based retroviral expression vector, pSLXCMV (as shown
in Fig. 3A), and a bacterial expression vector, pET19b (Fig.
3B). The anti-IN or control anti-HBV core antigen SFvs were
expressed from an internal cytomegalovirus promoter in the
pSLXCMV vector. The complete SFv constructs, including
linker sequences, comprise 750 to 820 bp and encode proteins
of approximately 28.5 to 30 kDa.
Construction of SFvs which contain an NLS. Subcellular

targeting of proteins plays an important role in their function
(31). Although we have previously demonstrated that the HIV-
1 Rev protein, which naturally shuttles between the nucleus
and cytoplasm, can be trapped in the cytoplasmic fraction by
complexing with cytoplasm-localized anti-HIV-1 Rev SFv (38),

there are no data to predict how anti-HIV-1 SFvs may function
when NLSs are added. For construction of anti-HIV-1 IN SFvs
which carry an NLS, the HIV-1 Tat NLS was selected (63). The
amino acid sequence is as follows: NH2-GRKKRRQRRRAH
QN-COOH. As shown in Fig. 3C, the NLS domain was placed
downstream of the linker and upstream of the heavy chain of
IN SFv33 to generate pT7IN-SFv33/NU.
The subcellular locations of anti-HIV-1 IN SFv33 and SFv33/

NU were determined after transient transfection of these two
corresponding retroviral expression vectors into NIH 3T3 cells
by a calcium phosphate coprecipitation method in culture
chambers. Twenty-four hours after transfection, the cells were
fixed and immunostained with purified goat anti-mouse poly-
clonal IgG Fab fragment. As shown in Fig. 4B and D, the SFv
which contained the HIV-1 Tat NLS domain localized within
the nucleus, especially surrounding the inner nuclear mem-
brane, while IN SFv33 showed mainly cytoplasmic staining
with nuclear exclusion (Fig. 4A and C). As IN SFv3/NU is
translated in the cytoplasm, staining is not solely localized to
the nuclear compartment.
SFv gene expression in E. coli and SFv–HIV-1 IN interac-

tions. To determine if the efficiencies of binding of recombi-
nant SFvs to the HIV-1 IN protein would correlate with those
of the parental murine IgGs in vitro, all of the anti-IN SFvs
were first cloned in the pET19b vector. All five of the anti-IN
SFvs were expressed to detectable levels in bacterial cells (Fig.
5). It is important to note that differences in the intensity of
SFv bands on Western blots may be secondary to epitope
differences on the SFvs, to which the detection antibody binds
(61).
To quantify binding activity, specific HIV-1 IN SFvs (dem-

onstrated to inhibit HIV-1; see below) were compared with
parental murine MAbs in a standard ELISA assay with immo-
bilized HIV-1 IN. Careful in situ renaturation of purified anti-
HIV-1 IN SFv4 and SFv33 on Ni21 affinity columns allowed
recovery of the major fraction of the preparation as competent
refolded protein. As the data in Fig. 6A demonstrate, SFvs

FIG. 3. Schematic representations of anti-HIV-1 IN SFv gene constructs in
the retroviral expression vector pSLXCMV (A) and the bacterial T7 RNA
polymerase promoter-based vector pET19b (B). (C) Schematic representation of
the anti-HIV-1 IN SFv structure, which contains the Tat NLS. Pkg-sig, packaging
signal; CMV, cytomegalovirus promoter; Neo, neomycin resistance gene; His, six
residues in the polyhistidine tag domain; T7, T7 RNA polymerase promoter;
linker, (GGGGS)3 SFv linker domain; SD, splice donor site.

FIG. 2. Light- and heavy-chain complementarity-defining region (CDR) se-
quences of anti-HIV-1 IN SFvs. The CDR amino acid sequences of anti-HIV-1
IN SFvs were determined by using the Kabat antibody sequence database (19,
22).
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have similar binding patterns but, as expected, somewhat lower
affinities for the HIV-1 IN compared with their parent anti-
bodies. In contrast, near-background levels indicate very low
and nonspecific binding to ASV IN by parent MAbs and SFvs
(Fig. 6B).
The specificities of anti-IN SFv33 and SFv4 binding were

next investigated by immunoblotting. Total protein from E. coli
cells induced for the production of HIV-1 IN was separated by
PAGE and probed with either purified murine anti-IN IgG or
recombinant anti-HIV-1 IN SFv33 or SFv4. Three major bands
were detected, corresponding to full-length HIV-1 IN (32 kDa)
and two shorter IN-related products, which result from inter-
nal initiation at methionine residues 22 and 154 downstream
from the natural start codon in the expression vector (Fig. 7)
(34). All three products were recognized similarly by the SFvs
and the parental monoclonal IgG.
Inhibition of HIV-1 replication in human T-lymphoid cells

that express anti-IN SFvs. Retroviral vectors are widely used
because of their high transduction efficiency (54). pSLXCMV-
CAT, a previously reported retroviral construct, has been
shown to maintain stable levels of expression of the CAT
reporter gene in the T-lymphocytic SupT1 and CEM cell lines
for at least six months (23). High transduction efficiencies
(.60% at MOIs of 5 to 10) were reported when the pSLX-

CMV–b-galactosidase construct was used in transduced SupT1
and CEM cells, with staining for b-galactosidase expression
(23). To analyze the expression of the anti-IN SFv genes in
human T-lymphocytic cells, transduced SupT1 cells were G418
selected and mixed cell populations were maintained in G418-
containing medium for at least 4 weeks. After G418 selection,
cells were grown in medium without the antibiotic for 14 days.
As expected from previous studies (68), similar expression of
the different anti-IN SFvs was observed in mixed SupT1 cell
populations by Western blotting with goat anti-mouse IgG
(data not illustrated). As previously reported (23), those cells
transduced with the pSLXCMV retroviral vector were found to
maintain SFv protein expression for 3 to 4 months of passage
in culture. It is of note that cell growth curves and viability
were not altered by transduction of either anti-IN SFv, CAT,
or retroviral backbone control vectors (data not illustrated).
To determine if the intracellular expression of anti-IN SFvs

was able to prevent HIV-1 replication in susceptible T-lym-
phoid cells, HIV-1 challenge experiments, utilizing the highly
cytopathic viral strain NL4-3, were conducted with SupT1 cells
stably transduced with IN SFvs (SupT1 IN SFv cells) (2). The
infectivity assays were performed with transduced mixed
SupT1 cell populations. For HIV-1 challenge experiments, IN
SFv-transduced SupT1 cells, CAT-, anti-Rev SFv-, and anti-

FIG. 4. Analysis of SFv protein expression in transfected NIH 3T3 cells. Immunofluorescent staining of the intracellular anti-IN SFv moieties was demonstrated
in situ. Transiently transfected NIH 3T3 cells were fixed and immunostained with purified goat anti-mouse polyclonal IgG Fab fragment, using a fluorescein
isothiocyanate (Cy2)-conjugated donkey anti-goat IgG. (A and C) NIH 3T3 cells transduced with pSLXCMV–anti-IN SFv33 showed mainly cytoplasmic staining and
nucleoplasm exclusion. (B and D) NIH 3T3 cells transduced with pSLXCMV–anti-IN SFv33/NU (which carries the Tat NLS) showed nuclear and some cytoplasmic
staining. Arrows point to the nuclear compartments in the illustrated cells. Cy2-labeled antibodies to the CAT gene (control) gave no specific immunostaining in these
cells (data not illustrated). These photomicrographs are representative of three independent experiments. Magnification, 3400.
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HBV core protein SFv-transduced SupT1 cells, and nontrans-
duced SupT1 cells were infected with HIV-1NL4-3 (MOI, 0.04
or 0.06). The spread of HIV-1 in the cultures was determined
by quantitating the levels of HIV-1 p24 antigen released into
the culture medium (Fig. 8). Low levels of HIV-1 p24 antigen
were observed in the supernatants of SupT1 IN SFv33 and
SFv4 as well as control cells infected with HIV-1NL4-3 at early
time points after infection. Parental nontransduced, CAT-
transduced, and anti-HBV core SFv-transduced cells support-
ed vigorous replication of HIV-1, as shown by the initial in-
creases in HIV-1 p24 antigen, which peaked at approximately
15 to 22 days with MOIs of 0.04 to 0.06 (Fig. 8A and B). HIV-1
p24 antigen levels subsequently decreased in the control cells
because of the cytopathic effects of viral replication in these
cells and subsequent cell death (data not illustrated). On days
15 to 22 postinfection, both SupT1 IN SFv33 and SFv4 mixed
cell populations showed approximately 95 to 98% inhibition of
HIV-1 p24 antigen production compared with the nontrans-
duced SupT1 cells and cells expressing CAT, anti-HBV core
SFv (controls), or anti-IN SFv17 and SFv21. Anti-IN SFv12
demonstrated somewhat more modest inhibitory effects on
HIV-1 expression in multiple experiments. It is of interest that
SFv33 binds to the carboxyl terminus and SFv4 binds to the
central catalytic domain of HIV-1 IN (Fig. 1). As seen in Fig.
8B, when anti-IN SFv33 and SFv4 were compared with anti-
Rev D8 SFv, significantly lower levels of HIV-1 expression
were observed in the cells expressing IN SFv33 while compa-
rable inhibition was demonstrated with IN SFv4. These results
indicate that HIV-1 replication was dramatically reduced or
inhibited in the SupT1 IN SFv33 and SFv4 cells. In addition,
anti-IN SFv17 and SFv21 and the control anti-HBV core SFv

did not significantly inhibit HIV-1 replication in multiply re-
peated experiments, demonstrating the intracellular specificity
of anti-IN SFvs. Interestingly, SFv12’s relatively lower effi-
ciency of neutralizing HIV-1 infection, compared with those of
IN SFv33 and SFv4, may correlate with the reduction in bind-
ing affinity of its parental MAb for IN derived from the HIV-
1NL4-3 strain (7a).
HIV-1 replication can be inhibited by both cytoplasm- and

nucleus-localized IN SFvs. Upon infection with the highly cy-
topathic HIV-1 strain NL4-3, IN SFv33- and SFv4-transduced
SupT1 cells showed delayed and weak cytopathic effects, as
observed by syncytium formation and cell death (data not

FIG. 5. Assays of anti-HIV-1 IN SFv gene expression in E. coli. After 4 h,
IPTG-induced bacterial cultures were lysed and the insoluble fraction was sub-
jected to sodium dodecyl sulfate (SDS)–12% PAGE. After transfer to mem-
branes, the samples were immunoblotted with goat anti-mouse IgG antibody. (A)
Coomassie blue staining of SDS-PAGE gels. (B) Immunoblotting of SFvs ex-
pressed in bacterial cultures. M, molecular mass marker lane; C, negative-control
lane (nontransformed bacteria). The arrows indicate specific SFv bands. Note
that IN SFv33/NU migrates more slowly than other SFvs because of its slightly
higher molecular weight.

FIG. 6. In vitro binding activities of anti-IN SFv33 and SFv4. (A) The in vitro
binding affinities of SFvs for recombinant HIV-1 IN protein were measured in a
standard ELISA assay (6). (B) As a control, ELISA plates were coated with the
same concentration of maltose-binding protein-ASV virus (ASV) IN. E. coli-
expressed anti-IN SFv33 and SFv4 were purified on Ni21 columns under urea-
denaturing conditions. After renaturing in PBS, HIV-1 IN-specific binding af-
finities were determined by using parent anti-HIV-1 IN murine IgG or purified
SFv proteins, starting at 4 mg/ml and then serially diluted.
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illustrated). This suggests that expression of anti-IN SFv within
the cytoplasmic compartment protected cells against the cyto-
pathic effects of HIV-1. In the HIV-1 life cycle, reverse-tran-
scribed double-stranded linear DNA has to gain access to
nuclear chromatin prior to integration into the host genome.
IN may play a role in shuttling the HIV-1 preintegration com-
plex into the nuclear compartment (32). In order to determine
if anti-IN SFvs could interrupt IN function when the SFv was
largely sequestered in the cell nucleus, we used the construct
that included an NLS to guide IN SFv33 into the nucleus. The
HIV-1 Tat NLS was used, as it at least represents a natural
retroviral NLS (61). Cytoplasmic and nuclear SFvs showed
similar levels of expression in the SupT1 cells as determined by
immunoblotting (data not illustrated). SupT1 IN SFv33 and
SFv33/NU cells were infected with HIV-1NL4-3 as summarized
in Fig. 8C. Both showed resistance to HIV-1 infection, al-
though the cytoplasmic SFv seemed to produce a somewhat
more efficient blockade of HIV-1 infection. Further studies are
under way to determine the molecular mechanisms that ac-
count for such differences. Importantly, as the IN-SFv33/NU is
translated in the cytoplasm and immunofluorescence analysis
shows both nuclear and cytoplasm staining, it is possible that
this moiety’s effects on HIV-1 replication may be based on the
presence of SFv molecules in either subcellular compartment.
Intracellular mechanisms of the effects of anti-IN SFv on

inhibition of HIV-1 expression. To determine if the observed
decreases in HIV-1 p24 antigen levels correlated with a specific
intracellular inhibition of HIV-1 integrase activity or were
merely secondary to other effects of intracellular expression of
anti-IN SFv33 in T-lymphoid cells, experiments were per-
formed at a high MOI of 2.0 to obtain one-step growth curves
of HIV-1NL4-3 replication (see Materials and Methods). Site-
specific mutagenesis experiments have shown that inactivation
of HIV-1 IN blocks the integration of linear double-stranded
viral DNA into chromosomal DNA. Consequently, HIV-1
DNA is joined at its ends by cellular ligases to form 2-LTR
circles (26, 41). To monitor HIV-1 IN inhibition in the infected
cells, levels of HIV-1 2-LTR DNA were compared by semi-
quantitative PCR. This approach is considered semiquantita-
tive since it utilizes two rounds of amplification with nested
primers. The primer pair M667-U32, nested with primer pair
U3-2LTR–U5-2LTR and probed with AA56, was used in these
2-LTR DNA detection experiments (Fig. 9). For normaliza-
tion, the amounts of gag sequences within the cells provide a
measure of total viral DNA synthesis. Detection of similar
amounts of gag DNA indicates that the anti-HIV-1 SFv-trans-
duced or nontransduced cells were infected equally with HIV-1
(61) (Fig. 9). It is of note that analysis of negative-strand,

strong-stop HIV-1 reverse transcripts was not included in these
analyses, as they are abundant intravirion HIV-1 reverse tran-
scripts (70). Increases in the amounts of HIV-1 2-LTR DNA
were detectable in IN SFv33/NU-transduced cells initially at
6 h after HIV-1 infection, while 2-LTR DNA accumulated to
the highest level in IN SFv33-transduced cells at 8 h postin-
fection. The levels of 2-LTR DNA in IN SFv33/NU-transduced
cells were relatively low, although this moiety was detectable
quite early after infection. In contrast, SupT1 control cells first
demonstrated 2-LTR viral DNA at 16 h postinfection. The
results, presented in Fig. 9, demonstrate that the detectable
levels of HIV-1 2-LTR viral DNA molecules occurred signifi-
cantly earlier in cells expressing anti-IN SFv33 or SFv33/NU
than in the control cells. It is of note that the quite short initial
half-life of HIV-1 2-LTR DNA in the first round of infection
(see Fig. 9A, lanes 2, at 8 and 16 h) has been described pre-
viously (55a). Determination of whether anti-IN SFvs also alter
HIV-1 2-LTR DNA stability will require further studies. An
NL4-3 mutant viral strain, derived from pNL43D116N, in
which HIV-1 IN has been inactivated by substitution of Asn for
Asp-116 shows increased early levels of this 2-LTR product,
which demonstrates the sensitivity of the 2-LTR junction assay
(26) (data not illustrated). In sum, the present data suggest
that the anti-HIV IN SFv33 and SFv33/NU block the intracel-
lular integration process specifically.
Inhibition of HIV-1 replication by anti-HIV-1 IN SFvs in

human PBMC. To evaluate the potential of anti-HIV-1 IN
SFvs for clinical application, stimulated human PBMC were
transduced with the retroviral vectors that express anti-IN
SFv33 or SFv33/NU. The transduction protocol consisted of
daily infection of cells with fresh packaging line supernatants
for 3 days, leading to transduction efficiencies, as measured by
indirect immunofluorescence assay, ranging from 25 to 35%
for different experiments. Considering the mixed cellular com-
plexity of human PBMC, these 35% transduced, highly expres-
sive cells may represent the dividing fraction which will also be
the target cells for high-level HIV-1 expression (23). It is of
note that PBMC consisted of similar lymphocytic subpopula-
tions before and after transduction (data not illustrated).
PBMC were challenged with HIV-1NL4-3 or a syncytium-

inducing clinical isolate of HIV-1 (926262-SI). Figure 10 shows
a dramatic inhibition of HIV-1 production by anti-IN SFv33
and SFv33/NU. Utilizing anti-HIV-1 Rev (D8) SFv as a posi-
tive control, under the same challenge conditions there was a
similar dramatic inhibition of HIV-1 p24 antigen production in
anti-IN SFv33-transduced human PBMC for 30 days postin-
fection (Fig. 10).

DISCUSSION

In this report, we demonstrate that intracellular expression
of anti-HIV-1 IN SFvs which specifically target either the
HIV-1 IN catalytic or carboxy-terminal domain and are local-
ized to either the nuclear or cytoplasmic compartment mark-
edly decreases HIV-1 replication in both T-lymphocytic cell
lines and human PBMC. The significance of this finding is that
it provides an opportunity to inhibit HIV-1 replication before
integration of viral DNA into the host genome occurs.
Shortly after initiation of infection by a retrovirus, the viral

RNA genome is reverse transcribed into a double-stranded
DNA form, and this viral DNA molecule is then integrated
covalently into the host cell genome via viral IN (37). HIV-1 IN
is a multifunctional catalytic enzyme which requires multimer-
ization for activity and may also promote nuclear importation
of the preintegration complex of which it is a component (32,
37, 41). Therefore, it is an excellent target for antiviral therapy

FIG. 7. Binding of anti-HIV IN SFv to IN as measured by immunoblotting.
E. coli cultures which expressed HIV-1 IN proteins were lysed, and total protein
was separated by 10 to 20% gradient SDS-PAGE. After transfer of proteins to
membranes, blots were probed with either purified murine anti-IN IgG antibod-
ies (lanes 1 and 2) or E. coli-expressed SFv proteins (lanes 3 to 6), using the ECL
system (Amersham). Paired lanes represent 1- and 3-h induction periods for IN
synthesis. Three major bands were detected, which correspond to full-length
HIV-1 IN (32 kDa) and two shorter IN-related products, from internal initiations
at methionine residues 22 and 154 from the natural start codon in the expression
vector (34).
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by the use of SFv-based strategies (21). Although several in
vitro assays can be used to analyze IN enzymatic function,
there are still no approved antiviral treatments for HIV-1 in-
fection in which HIV-1 IN has been targeted. Viral protease
and RT inhibitors are now both available, and a combination
of these agents shows quite promising effects for repression of
HIV-1 replication in vivo (58). The combination of multiple
anti-HIV-1 inhibitors, directed to several viral protein targets,
now becomes a more attractive approach to combat AIDS.
Understanding the intracellular function of IN and determin-
ing which IN domains can be effectively targeted to inhibit
HIV-1 IN function are important for the development of ra-
tional strategies. Intracellular localization of functional anti-
HIV-1 IN SFvs may provide critical information concerning
HIV-1 IN function and should aid in the development of gene
therapies which target functional motifs of this viral protein.
As multiple HIV-1 proteins have been targeted via specific

SFv strategies, there is now some indication that successful
inhibition of HIV-1 replication depends upon neutralizing rel-
evant functional domains within the target protein (53, 61, 68).
The development of a panel of anti-HIV-1 IN murine hybri-
domas synthesizing IgGs which target different IN domains
provided an opportunity not only to produce SFvs for the

FIG. 8. Inhibition of HIV-1 replication in anti-IN SFv-transduced T-lym-
phoid cells. SupT1 cells were transduced with CAT, anti-Rev SFv, anti-HBV core
antigen (HBc) SFv, and anti-IN SFv retroviral expression vectors (mixed cellular
populations). SupT1 cells were infected with HIV-1NL4-3 (MOIs, 0.04 and 0.06). (A)
Five anti-HIV-1 IN SFv-transduced SupT1 cell lines infected with HIV-1NL4-3
(MOI, 0.04). (B) Comparison of anti-HIV-1 Rev D8 SFv with anti-IN SFv33 and
SFv4 (MOI, 0.06). (C) Comparison of anti-IN SFv33 with or without an NLS
(MOI, 0.04). HIV-1 replication was quantitated by assaying HIV-1 p24 antigen
levels in the culture supernatants by ELISA (Dupont). The data are represen-
tative of at least three sets of independent experiments.
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purpose of anti-HIV-1 gene therapy but also to perform de-
tailed analyses of this critical retroviral protein.
This report describes the incorporation of recombinant anti-

HIV-1 IN SFv sequences in a retroviral vector. We also dem-
onstrate their potency as gene therapeutic agents which restrict
HIV-1 replication in human cells. Intracellular expression of
anti-IN SFv renders HIV-1-susceptible cells resistant to highly
cytopathic strains of HIV-1. These experiments extend our
previous studies with an anti-HIV-1 RT SFv (61). HIV-1 prop-
agation in protected cells was blocked at early stages of viral
replication, after the entry of virions into the cellular cyto-
plasm, rather than at later stages of the HIV-1 life cycle, during
which the assembly and production of virions occur (21, 58).
We observed significant early increases in 2-LTR-containing
viral DNA within 4 to 8 h of infection in cells expressing
anti-IN SFv33, amounts similar to that observed in viruses with
mutant IN (26). Interestingly, the 2-LTR DNA appeared con-
sistently at least 2 hours earlier in anti-IN SFv33/NU-trans-
duced cells, in which the SFv is located in the nucleus, than in
anti-IN SFv33-transduced cells, in which the SFv is located in
the cytoplasmic compartment. The time difference suggests
that HIV-1 IN may be initially sequestered by the cytoplasmic
SFv, delaying nuclear importation of the preintegration com-
plex, where viral DNA ends are joined via nuclear ligase ac-
tivity. Alternatively, SFv33/NU may facilitate its transport into
the nuclear compartment by virtue of binding to the preinte-
gration complex. It is of note that this nested semiquantitative

PCR might detect other unusual viral DNA species, such as
head-to-tail linear multimers (55).
As indicated in Fig. 1 and 8A, the effects of anti-HIV-1 do

not correspond to the binding affinities of anti-HIV-1 IN an-
tibodies (6). Previously, when a high-binding-affinity anti-Rev
SFv (D10) which targets the carboxy terminus of Rev was
analyzed, its anti-HIV-1 efficiency was actually lower than that
of the SFv Rev D8, which has lower binding affinity but binds
to the Rev activation domain (68). Although the anti-HIV-1 IN
IgGs which were used in these studies are not finely mapped to
precise peptide domains, the general binding pattern of SFvs
to IN may provide some clues as to how anti-HIV-1 IN SFv
moieties might function. Binding of SFvs to regions in the
highly conserved central catalytic domain (IN SFv4) and to the
carboxy-terminal domain may indicate that the relevant por-
tions of those domains may be exposed on the surface of the
preintegration complex. Data from crystal structure analysis of
the core domains of the HIV-1 IN (24) and ASV IN (9)
proteins indicate that the conserved region, to which IN SFv4
binds, is flexible in solution. The binding of an SFv to this
domain may interfere with the flexibility required for this do-
main’s enzymatic activity. The carboxy terminus of IN, to
which SFv33 binds, is the region with the lowest degree of
sequence homology among different retroviruses (11). In
HIV-1, it has been shown to account for the nonspecific DNA
affinity of the protein, which may be involved in target DNA
interactions (27, 46). When a specific residue in the carboxy

FIG. 9. (A) Semiquantitative PCR analyses of HIV-1 2-LTR DNA in cells expressing anti-IN SFvs. Lanes: 1, SupT1 control; 2, SupT1 SFv33; 3, SupT1 SFv33/NU.
The indicated SupT1 cell lines were infected with cell-free HIV-1NL4-3 (MOI, 2.0). At different time points after HIV-1 infection (4, 6, 8, and 16 h), total cellular DNA
was prepared from cells by a quick lysis procedure (42, 70). The DNA (104 cell equivalents per lane) was amplified by PCR with the following primer pairs: SK38-SK39,
complementary to the gag region of the HIV-1 genome, and nested primers complementary to the HIV-1 DNA junction region (M667-U32 and U5-2-LTR–U3-2-LTR),
used to amplify HIV-1 2-LTR DNA (lower and upper panels, respectively). As a positive control, cloned circular HIV-1 2-LTR plasmid DNA was utilized (40). These
data are representative of at least two independent experiments. (B) Schematic representation of HIV-1 2-LTR DNA and primer locations.
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terminus of IN, Trp-235, was replaced by Ala, the ability of the
HIV-1 provirus to replicate was abolished (11). It has been
speculated, therefore, that this region may be required for
correct positioning of processed retroviral LTRs for interac-
tion with the target host cell DNA, either by virtue of an
inherent affinity for DNA or through interactions with cellular
proteins that may associate with chromatin (11).
IN mutations, which eliminate in vitro enzymatic activity,

frequently inhibit viral replication and block the cytopathic
effects of HIV-1 in cell culture (37, 41). Some mutations in
HIV-1 IN have also been shown to alter reverse transcription
(51), but no inhibition of reverse transcription was observed
with the anti-IN SFvs (Fig. 9A, gag DNA). Blockade of the
integration process in anti-IN SFv-expressing cells suggests
that the HIV-1 IN enzyme is functionally neutralized in the
preintegration complex upon binding of certain SFvs prior to
completion of the integration process. Hence, this binding
must interrupt some steps before DNA integration into the
host genome and establishment of a provirus. This contrasts
with the effects of targeting late-phase viral regulatory pro-
teins, such as Rev, with SFvs which would not prevent viral

integration into the host genome, as anti-Rev SFvs interfere
with the viral life cycle at later stages, after the establishment
of a provirus (19, 58).
The results of these experiments extend previous findings

that single-chain antibodies can be stably expressed, function
not only in the cytoplasm but also in the cell nucleus, and are
nontoxic to human cells (14, 15, 19, 20, 22, 23, 49, 61, 68).
Furthermore, folding of the SFvs within the cell to form func-
tional binding sites can occur in the reducing environment of
the cytoplasm (7, 19). By choosing carefully from a relevant
panel of anti-HIV-1 IN murine hybridomas, we have shown
that the SFvs derived from these hybridomas can be precisely
manipulated for appropriate binding to specific epitopes on
the target molecules, intracellularly. Thus, these murine SFvs
provide the means to control intracellular infections and other
diseases, to understand the cellular biological mechanisms
leading to a disease state, and, in particular, to aid in choosing
the most effective human anti-IN SFvs to develop (19, 56). The
multiple targets for anti-HIV-1 SFvs will allow the combina-
tion of different SFvs for longer-term treatment and more
effective protection against HIV-1 replication. The develop-

FIG. 10. Anti-IN SFv inhibition of HIV-1 infection in human PBMC. Ficoll-purified human buffy coat PBMC were transduced with CAT-, anti-Rev D8 SFv-, and
anti-HIV-1 IN SFv33-expressing retroviral vectors, with or without an NLS domain. PBMC were infected with HIV-1NL4-3 (MOI, 0.08; titered on CEM T-lymphoid
cells) (A) or a clinical isolate of HIV-1 (syncytium-inducing strain 926262; 200 pg of HIV-1 p24 antigen per 106 PBMC in 1 ml of medium) (B). HIV-1 replication was
quantitated by assaying HIV-1 p24 antigen levels in the culture supernatants by ELISA (Dupont). The data are representative of at least two sets of independent
experiments using PBMC from different HIV-1-seronegative donors.
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ment of resistance mutations in viral proteins, especially HIV-1
RT, may require combinations of various SFvs. The SFvs also
serve as valuable reagents with which to explore further the
molecular mechanisms of IN and its critical role in the life
cycle of HIV-1.
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