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ABSTRACT

Background: The HIV-1 matrix (MA) protein, p17,
contains two subcellular localization signals that facilitate
both nuclear import of the viral preintegration complex
early during infection and virus particle assembly late in
infection. The dual role of MA in both the afferent and
efferent arms of the HIV-1 life cycle makes it an impor-
tant target for intracellular immunization-based gene
therapy strategies.
Materials and Methods: Here we report, using a new
bicistronic vector, that an intracellular Fab antibody, or
Fab intrabody, directed against a carboxy-terminal
epitope of MA from the Clade B HIV-1 genotype, can
inhibit HIV- 1 infection when expressed in the cytoplasm
of actively dividing CD4+ T cells.

INTRODUCTION
Gene therapy for the treatment of HIV-1 infec-
tion and AIDS has captured the interest of a
number of investigators as an attractive addition
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Results: Marked inhibition of proviral gene expres-
sion occurred when single-round HIV- 1 CAT virus
was used for infections. In challenge experiments
using both laboratory strains and syncytium-inducing
primary isolates of HIV- 1, a substantial reduction in
the infectivity of virions released from the cells was
also observed.
Conclusions: This novel strategy of simultaneously
blocking early and late events of the HIV-1 life cycle may
prove useful in clinical gene therapy approaches for the
treatment of HIV- 1 infection and AIDS, particularly
when combined with genetic or pharmacologic-based
strategies that inhibit other HIV-1 target molecules si-
multaneously.

to conventional pharmacologic therapies be-
cause alteration of the host cell could potentially
confer permanent suppression of viral replication
after infection or perhaps even lasting protection
against viral infection. Several strategies have
been investigated that have different and some-
times overlapping modes of action. One ap-
proach is based on enhancement of the immune
response against the virus by using genetically
modified cells that express viral gene products to
induce antiviral cellular immune responses. An-

© 1997, THE PICOWER INSTITUTE PRESS. All rights reserved.
Molecular Medicine, Volume 3, Number 2, February 1997 96-1 10



R. Levin et al.: Gene Therapy with Anti-HIV-l MA Intracellular Antibodies

other approach uses an extracellular mode of
action by secretion from the transduced cell of a
factor directly affecting the HIV-1 life cycle (e.g.,
sCD4-IgG, anti-gp120 Fab antibody fragments)
or of a factor affecting the host's defense mech-
anism (e.g., a cytokine). Intracellular immuniza-
tion is a third strategy aimed at the stable transfer
of genetic elements that inhibit viral replication,
so-called resistance genes, into those cells of a
patient that are potential targets for viral infec-
tion (1-3).

Intracellular antibodies, or intrabodies, are a
recent addition to the field of intracellular im-
munization-based strategies being used to treat
infectious and other diseases (4). As an anti-
HIV- 1 treatment strategy, these anti-HIV- 1 intra-
bodies are synthesized by the cell and targeted to
specific cellular compartments where they bind
to their target HIV- 1 protein and inhibit its func-
tion. Previous intrabodies have prevented HIV- 1
replication by blocking gp 120 processing and in-
corporation into virions (3,5,6), or by inhibiting
critical HIV- 1 regulatory protein functions such
as Tat-mediated viral transcriptional transactiva-
tion (7) or Rev-mediated nuclear export of singly
spliced or genomic viral RNA (8). However, these
approaches do not prevent viral integration into
the host genome, as they interrupt the viral life
cycle at later stages (4). In a study using intra-
bodies against HIV- 1 RT (9), inhibition of an
early event of the viral life cycle, reverse tran-
scription of viral RNA to DNA, was reported.
Thus, this approach exhibits tremendous versa-
tility in inhibiting different stages of the viral life
cycle by targeting structural, regulatory, and en-
zymatic proteins of the virus.

Intracellular immunization strategies that
are focused on the earliest events of the viral life
cycle may offer greater hope for blocking the
infection of susceptible cells (preventing the es-
tablishment of infection might be more efficient)
than strategies aimed at inhibiting gene expres-
sion after integration of viral DNA into the cel-
lular genome. Virus uncoating, reverse transcrip-
tion, transport of the preintegration complex
(containing viral DNA) to the nucleus, and sub-
sequent integration of the viral DNA into host
chromosomes are all necessary steps that must
occur for infection to be established. These early
events of the viral life cycle are potential steps
that could be inhibited using anti-HIV- 1 anti-
body-based strategies.

To investigate this approach further, we have
developed Fab (monovalent antigen binding
fragment) intrabodies that are directed against

the HIV- 1 matrix protein (MA). MA is thought to
be involved in two critical stages of the viral life
cycle, as it is required for both nuclear import of
the viral preintegration complex and for particle
assembly. MA contains a nuclear localization sig-
nal (NLS) (10, I 1) and, following acute infection,
has been detected in cell fractions containing
partially purified HIV- 1 preintegration com-
plexes ( 12) as well as in the nucleus (1 3). Mutant
viruses that show a defect in nuclear import have
an impaired ability to infect nondividing cells
such as macrophages (14,15). In addition to ful-
filling this critical function at an early step of the
infection process, MA also plays an essential role
in virus morphogenesis. A myristate residue and
charged N-terminal amino acids of MA direct gag
to the plasma membrane. This targeting is essen-
tial for the proper assembly of viral particles
(16,17) and for their release into the extracellu-
lar space (18-20). In the process, MA also re-
cruits the envelope glycoprotein at the surface of
virions (21-23). Molecular explanations for
those apparently opposing effects of MA (two
subcellular localization signals) have recently
been reported (24-26). In this report, we show
that cytoplasmic Fab intrabodies against a car-
boxy-terminal epitope of MA associated with the
Clade B HIV- 1 genotype are able to inhibit both
early and late events of the HIV-1 life cycle.

MATERIALS AND METHODS
Construction of a Bicistronic
Expression Vector

The 21H lambda chain (27) was amplified by poly-
merase chain reaction (PCR) from cDNA using a
forward primer containing both a HindIm and NheI
site (underlined) 5' to sequence complementary to
the leader of the light chain, 5'-TTITAAGCTT
GCTAGCACCATGGCCTGGACCGTTCTC-3' and a
reverse primer containing an XbaI site 3' to
sequence complementary to the light chain con-
stant region, 5'-AAATCTAGACTATGAACATTC
TGTAGGGGCCAC-3'. PCR was preformed as
previously described (28) and the resultant frag-
ment was cloned into pRc/CMV (cytomegalo-
virus) (Invitrogen, San Diego, CA) using the
HindIII/XbaI sites. The HindIll site was then de-
stroyed by digestion for 2 hr with HindIII, fill-in
of the blunt ends with Klenow DNA polymerase,
and subsequent relegation.

To PCR amplify the CMV promoter and
lambda chain from this construct, a forward
primer containing a 5' EcoRV, Pacl, and AscI site,
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5'-TFlTTGATATCTTAATTAAGGCGCGCCCTTCGC
GATGTACGGGCCAG-3' was used with the re-
verse primer described above. The PCR fragment
containing both the promoter and light chain was
cloned into the pCMV-Fab 05 vector (6) using the
AscIlXbaI sites to form pCMVFab1O5/21H.

The internal ribosomal entry site (IRES) cor-
responding to the 5' untranslated region (UTR)
of the encephalomyocarditis virus (EMCV) was
PCR amplified from the pCITE2a vector (Nova-
gen, Madison, WI) using the forward primer,
5'-TlIGCGGCCGCGAA TTAATTCCGGTTA- 3'
with 5' NotI site and the reverse primer, 5'-TTT
GCTAGCGGTATTATCAT CGTG-3' with 3' NheI
site. The resultant fragment was then cloned into
pCMV-FablO5/21H. In order to create unique
sites for cloning light chains into this vector, a PacI
linker (New England Biolabs, Beverly, MA) was
ligated into the XbaI site that was first destroyed
by digestion for 2 hr with XbaI and the blunt ends
filled in with KIlenow DNA polymerase. In order
to create unique sites for cloning heavy chains
into this vector, the F105 heavy chain was PCR
amplified using a forward heavy chain leader
primer, 5'-TTrAAGCTTGGC GCGCCACCATGGA
ACATCTGTGG-3' containing both HindIII and
AscI sites (28) and a reverse human IgG, CHI
primer, 5'-ATTTGCGGCCGCT TATTACGGTGGG
CATGTGTGAGT-3' containing a 3' NotI site. This
fragment was then cloned into the pCMV-
FablO5/21H vector containing the IRES sequence.

Construction of Anti-HIV-1 MA Fab
Expression Vectors

The Fd region of the heavy chain and complete
kappa chain cDNA fragments from the anti-
HIV-1 MA hybridoma 3H7 (29) were amplified
by PCR and cloned into the AscI/NotI and NheI/
PacI sites of bicistronic vector, respectively. Two
versions of the anti-MA Fab3H7 constructs with
and without native immunoglobulin leader se-
quences were designed, amplified, and cloned.
Anti-MA heavy chain gene was amplified using
the forward leader primer, 5'-ATACTGGCGCGC
CACCATGG(C/A)TTGGGTGTGGA(A/C )CTTGCT
ATTCCTG-3' or the forward FRI primer, 5'-TTACT
GGCGCGCCACCATGATCCAGTTGGTGCAGTCT
GGACCT-3' and reverse IgG3 hinge primer 5'-TC
AATGCGGCCGCCTATGGGCATGAAGAACCTG-
3', while the kappa chain gene was amplified
using the forward leader primer, 5' -TCATT
GCTAGCACCATGGGC (T/A)TCAAGATGGAGTC
ACA(T/G) (T/A) (T/C) (T/C)C (T/A)G-3' or forward
FR 1 primer, 5'-TTAATGCTAGCACCATGGGAGC
TGATGGGAACATTGTA-3' and reverse constant

kappa primer 5'-TCGACTTAATTAACTACTAAC
ACTCATTCCTGTTGAA-3' (30).

In Vitro Transcription/Translation Assay

The TNT-coupled reticulocyte lysate system (Pro-
mega, Madison, WI) was used for in vitro trans-
lation/transcription of the anti-MA Fab intra-
body plasmids using T7 RNA polymerase
promoter. Briefly, a cocktail comprising rabbit
reticulocyte lysate (25 Pul), reaction buffer (2 gl),
TNT-T7 RNA polymerase (1 pl), amino acid mix-
ture minus cysteine 1 mM (1 ,), [35S] -cysteine
(1000 Ci/mmol) at 10 mCi/ml (4 ,ul), and RNasin
40 U/pl (1 ,l) was increased in volume to 50 pul
with nuclease-free water, and 0.3-1 ,ug of DNA
was incubated in this reaction mixture at 30°C
for 90 min. The reaction was stopped by adding
2X SDS sample buffer containing 2-mercapto-
ethanol. Proteins were resolved on 12.5% SDS-
PAGE and visualized by autoradiography and an-
alyzed for transcription/translation efficiency.
Luciferase cDNA and pRc/CMV vector were used
as positive and negative controls, respectively.

Construction of Stably Transfected
Cell Lines
CD4+ Jurkat-T lymphocytic cell lines were cul-
tured at 37°C and 5% Co2 in RPMI-1640 media
containing 2 mM glutamine and supplemented
with 10% fetal calf serum (FCS) and penicillin-
streptomycin (P/S) (100 ,ug/ml). COS-1 cells and
HeLa cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with
10% of FCS and P/S. Transfection of these cell
lines was performed with the DEAE-dextran
method as described previously (7). In brief, Jur-
kat cells were washed three times with PBS and
suspended in 0.8 ml of serum free RPMI medium
to which 10 gg of anti-MA Fab3H7 plasmid DNA
and 125 pug of DEAE-dextran were added. The
mixture was incubated with the cells for 30 min
at 37°C. The cells were then washed twice with
serum-free RPMI media and plated with RPMI
containing 10% FCS for 60 hr, after which they
were exposed to G418 selection (800 ,ug/ml). After
10 days of selection, the G418-resistant cells were
subcloned by limiting dilution and individual sta-
ble colonies were propagated and characterized.

COS-1 cells (107 cells) were plated in
100-mm plates 24 hr prior to transfection with
DEAE-dextran (7). In brief, 10 ,ug of the various
anti-MA Fab3H7 plasmid DNA were diluted with
1.8 ml of PBS and 1 mg of DEAE-dextran was
added to the mixture. Cells were washed twice
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with PBS prior to transfection. The mixture con-
taining the DNA and DEAE-dextran was layered
on the cells and plates were incubated at 370C for
30 min. The cells were treated with chloroquine
(80 ,uM, final concentration) in 5 ml of serum-
free DMEM medium and incubated for an addi-
tional 2.5 hr at 37°C. The media were aspirated
and replaced by 5 ml of fresh, serum-free DMEM
containing 5% DMSO. After 2.5 min of further
incubation, the media were removed and cells
were washed twice with phosphate-buffered sa-
line (PBS), and 8 ml of fresh DMEM medium
containing 10% FCS was added and cells incu-
bated at 370C until further processing by meta-
bolic labeling (48-60 post-transfection) and/or
for further analysis (transient expression, etc.).

Radiolabeling and Immunoprecipitation
For immunoprecipitation, transiently transfected
COS-1 cells were starved in cysteine-deficient
RPMI media for 2 hr and then metabolically
labeled with 50 ,tCi/ml of [35S] -cysteine. Cells
were washed three times with PBS and lysed
with 1 X radioimmunoprecipitation assay (RIPA)
buffer containing 8 mM Na2HPO4, 2 mM
NaH2PO4, 140 mM NaCl, 1% nonident P-40,
0.5% sodium deoxycholate (DOC), and 0.05%
sodium dodeocyl sulfate (SDS) (2 1). Soluble pro-
teins from the cell lysate were immunoprecipi-
tated with rabbit anti-mouse IgG (Sigma, St.
Louis, MO) bound to protein A-sepharose beads.
Proteins were resolved on 12.5% SDS-PAGE and
visualized by autoradiography (31).

Detection of Binding Activity of Secreted
Anti-MA Fab Fragments

Enzyme-linked immunosorbent assay (ELISA) was
used to measure the binding activity of the secreted
anti-MA Fab3H7 fragments. Microtiter plates (Dy-
natech, Chantilly, VA) were coated with recombi-
nant HIV-ImB MA protein (Agmed, Bedford, MA)
at 100 ng/well. After blocking the coated plate with
2% bovine serum albumin (BSA) in PBS, concen-
trated media (10x) from stably transfected an-
ti-MA expressing Jurkat Fab3H7+L or Jurkat-vec-
tor cells were added to the plate. Horseradish
peroxidase (HRP)-labeled rabbit anti-mouse IgG
(whole molecule, Sigma) was used as the second-
ary antibody. Bound Fab3H7 fragments were de-
tected by the addition of HRP substrate (TMB-
membrane HRP substrate system, Kirkegaard and
Perry, Gaithersburg, MD) and by determining the
optical density at 405 nm.

Trans-complementation Assay

The trans-complementation assay was performed
as previously described (32). This assay uses two
plasmids, one encoding Rev and Env proteins
(pSVlIenv) under control of HIV-1 long terminal
repeat (LTR), and the other containing an HIV- 1
provirus with a deletion in the env gene and the
bacterial chloramphenicol acetyltransferase (CAT)
gene replacing nef gene (pHXBAenvCAT). HeLa
cells were cotransfected with 20 ,ug pHXBA&env
CAT plasmid and with 5 ,ug pSVIIIenv plasmid,
and the culture medium from the transfected
cells that contained released viruses with the
capacity for a single round of infectivity (10,000
cpm/ml RT of [pHXBAenvCAT/pSVIllenv]) was
used to infect stably transfected bulk populations
of Jurkat-Fab3H7-L cells or subclones obtained
following subcloning by limiting dilution and
G418 selection. Seventy-two hours post-infec-
tion, the cells were lysed and analyzed for CAT
activity according to the manufacturer's instruc-
tions (Promega).

Detection of Virus Infection
Parental Jurkat cells (1 X 106 cell/ml), stable
Jurkat-vector cells, or Jurkat-Fab3H7-L cells
were challenged with different multiplicity of in-
fection (MOI) of HX(IIBVpu+, HXMBVpu_, or two
synctium-inducing (SI) primary HIV- I isolates (7).
Production of viral particles in culture medium
was measured by using a radioimmunoassay
(RIA) kit for HIV-1 p24 gag antigen (DuPont,
Boston, MA) according to the manufacturer's
instructions. A standard curve was constructed
by using standards supplied in the kit and by
extrapolation from radioactivity measured to de-
termine the amount of p24 in the unknown
samples.

In challenge experiments with HIV-2, (strain
NIH-Z obtained through Advanced Biotechnolo-
gies, Columbia, MD), a reverse transcriptase (RT)
assay was used to measure viral infection. In
brief, supernatants (1 ml) collected on different
days after infection were centrifuged at 12,000
rpm for 1 hr. The pellet was resuspended in 10 gl
of suspension buffer (50 mM Tris, pH 7.5, with
1 mM DTT, 20% glycerol, 0.25 M KCI, 0.25%
Triton X-100) and put on dry ice. The samples
were frozen and thawed three times, using dry
ice and a 37°C bath, respectively. The thawed
suspension was further mixed with 40 ,lI of RT-
cocktail mix (10 ,ul 5X RT buffer [250 mM Tris,
pH 7.5, 37.5 mM MgCl2, 0.25% Triton X-100],
1.2 lI of DTTF, 5 pLI of Poly A-oligo dT [Boehring-
er-Mannheim], 1 ,lI of 3H-TTP [1 ,uCi per reac-
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tion, Dupont NEN], and 22.8 ,ul of DEPC-treated
water), vortexed, and incubated at 37°C for 1 hr.
After incubation, the mixture was spot inocu-
lated on filter paper discs (Whatmann DE81).
The discs were then washed three times with 2 x
SSC buffer, followed by two washes with 95%
ethanol. The discs were then air dried and
counted in a scintillation counter.

The release of infectious HIV-1 virions from
Jurkat-vector and Jurkat-Fab3H7-L cells was in-
vestigated by comparing cell-free TCID50 units.
Briefly, cell-free supernatants harvested from in-
fected cells were removed and stored at -70°C.
Supernatants from the first day after infection of
cells, when the level of cell-free p24 was 25 ng/ml,
were quickly thawed and filtered through a 0.2-
,um filter prewashed with RPMI containing 2%
FCS. Four-fold dilutions of the supernatant were
added to 95-well flat-bottomed microtiter plates
containing CD4+ H9 cells (20,000 cells/well).
Plates were observed every day for 14 days for
cytopathic effects, and TCID50 units were calcu-
lated as described by Johnson and Byington (33).

PCR-based HIV-1 DNA Integration Assay

A sensitive PCR procedure for detection of inte-
grated HIV- 1 DNA was used (34). Digestion of
unintegrated viral DNA of the HXIIIB PU- strain
of HIV-1 (whether linear or circular) with SacI
produces two large fragments of 5,324 bp and
3,572 bp in size and a series of small fragments
<700 bp. There is one SacI site in both the 5' and
3' LTR and there are no XbaI sites in the viral
DNA. Digestion of cellular DNA with SacI and
XbaI results in a predictable pattern of restriction
fragments except for heterogeneous sizes of the
HIV- 1 cellular DNA junction fragments. There-
fore, the Sacd/XbaI-digested cellular DNA was
first separated on a 1% low-melting-point (LMP)
agarose gel and extracted in the range of 1 to 3.5
kb, which should contain only junction frag-
ments and not Sad-digested, unintegrated HIV-1
DNA. The isolated 1-3.5 kb DNA fragments were
then subjected to ligation to reconstruct a full-
size LTR. Next, PCR was performed using LTR-
specific primers, which resulted in the amplifica-
tion of a single-size DNA fragment of 561 bp.
PCR products were resolved on a 1.5% agarose
gel and then transferred to Magna nylon transfer
membrane and hybridized with an LTR-specific
32P-labeled oligonucleotide probe.

Specifically, high-molecular-weight cellular
DNA was isolated from parental and stably trans-
fected Jurkat cells by extraction with the Easy

DNA kit of Invitrogen according to the manufac-
turer's instructions. Two micrograms of each
DNA preparation was subject to double digestion
with Sacd and XbaI restriction enzymes overnight
at 37°C, and was electrophoresed on a 1% LMP
agarose gel. DNA was extracted with the rapid
Geneclean Kit (Bio 101 11, La Jolla, CA) and was
subjected to ligation in the presence of the DNA
ligase (New England BioLabs). Ten microliters of
the ligation mix was used as a template in a
standard PCR (35) with a pair of the HIV-1 LTR
specific primers: forward LTR 1 primer for the U3
region (5'-CCT GAT TAG CAG AAC TAC ACA
CCA) and reverse AA55 primer (5'-CTG CTA
GAG ATT TTC CAC ACT GAC-3') for the R re-
gion (36). PCR conditions were 1 min at 94°C, 1
min at 55°C, and 1 min at 72°C, and a 30-sec
ramp between each temperature for 40 cycles.
The PCR products were resolved in a 1.5% aga-
rose gel, transferred to Magna nylon transfer
membrane (MSI, Westboro, MA), and hybridized
with a 32P-labeled oligonucleotide M669 probe
(26) (5'-GTG TGC CCG TCT GTT GTG TGA CTA
TCG TAA -C-5') under standard conditions (35).

In addition to DNA from infected and unin-
fected cells, three recombinant HIV- 1 DNA con-
structs were used as controls in the procedure:
(1) the HXBc2 plasmid, which contains the
SVCvpu+ provirus, including flanking plasmid
DNA sequences bound by XbaI restriction sites
that serve as a positive control for integrated
HIV-1 (Fig. 4, lane 12); (2) the 680 bp Sacd-XhoI
HIV- 1 LTR fragment excised from the HIV- 1 LTR
carrying a pU3RIII plasmid, which serves as a
marker for digestion fragments smaller than 1
kb; and (3) the Sad-Sad (5,324 bp + 3,572 bp)
full-genomic HIV-1 DNA fragment excised from
the HXBc2 plasmid and which serves as a marker
for full-length HIV- 1 DNA. Marker viral DNAs (2
and 3) were spiked into HIV-1-negative cellular
DNA, and the DNA mixture was then analyzed
in the HIV-1 DNA integration assay to confirm
that the LMP agarose gel separation and elution
of DNA removed DNA fragments outside of the
desired 1-3.5 kb range.

RESULTS
Construction of a Bicistronic Expression
Vector and Expression of Secreted
Anti-MA Fab3H7 Fragments

A bicistronic expression vector pCMV-Fab-IRES
under the control of the cytomegalovirus imme-
diate early (CMVIE) promoter was constructed
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FIG. 1. Design of bicistronic expression vector pCMV-Fab-IRES for simultaneous expression of Fd
heavy and light chains of Fab intrabodies
FIG. 2. Expression of anti-MA Fab3H7 fragments in a rabbit reticulocyte lysate system

[35S] -cysteine-labeled proteins were synthesized in rabbit reticulocyte lysate and were analyzed by electrophoresis
on a 12.5% SDS-PAGE gel. The gel is a 4-hr autoradiograph. Lane 1: pRc/CMV plasmid expressing anti-MA
Fab3H7 fragments with native immunoglobulin leader sequences; lane 2: pRc/CMV plasmid expressing anti-MA
Fab3H7 fragments without native immunoglobulin leader sequences; lane 3: pRc/CMV control plasmid; lane 4:
luciferase cDNA as T7 positive control. Arrows indicate Fd heavy and light chains.
FIG. 3. Immunoprecipitation of Fab3H7 fragments from stably transfected COS-1 cells
[35S] -cysteine-labeled proteins from the cell lysate or culture medium of parental COS-1 cells. COS-pRc/CMV-vec-
tor, or COS-Fab3H7+L cells were immunoprecipitated with rabbit anti-mouse IgG and were analyzed by electro-
phoresis on a 12.5% SDS-PAGE gel. Lanes 1, 3, 5: cell lysate; lanes 2, 4, 6: cell supernatant. Lanes 1 and 2: paren-
tal COS-1 cells; lanes 3 and 4: COS-pRc/CMV-vector cells; lanes 5 and 6: COS-Fab3H7+L cells (clone 15/72).
Arrows indicate Fd heavy and light chains

that allows the near stoichiometric coexpression
of the Fd-heavy and complete light chain of an

Fab fragment (Fig. 1). An internal ribosomal en-

try site (IRES) corresponding to the 5' untrans-
lated leader region (UTR) of encephalomyocar-
ditis virus (EMCV) (37,38) was used to obtain
CAP-independent ribosomal binding and high-
level translation of the light chain. The binding
site of the 3H7 MAb used in these studies has
been previously epitope mapped to the amino acid
sequence KKAQQAAADT (residues 113-122)
near the carboxy-terminus of MA (29). This
epitope is associated with the Clade B HIV-1
genotype (39), including well-studied laboratory
strains such as LAI, MN, SF2, and RF, as well as

a majority of European and North American iso-
lates. Isolates of Clade B may be distributed glo-
bally (39).

To determine if the Fd heavy and kappa light
chains of the Fab3H7 fragments could be ex-

pressed in this bicistronic vector, in vitro tran-
scription and translation were performed using a

rabbit reticulocyte system. As shown in Fig. 2, the
Fd heavy and light chains were expressed in near

stoichiometric amounts, regardless of whether the
native immunoglobulin leader sequences were

present to allow secretion (lane 1) or absent to
allow cytoplasmic expression (lane 2).

COS-1 cells were next transfected by DEAE-
dextran with the pRc/CMV-Fab3H7+L plasmid,
which encodes the Fd heavy and kappa chains of
Fab3H7 with their native immunoglobulin
leader sequences intact. Stably transfected COS-
Fab3H7+L cells were generated with G418 se-

lection, single-cell subclones were obtained by
limiting dilution, and mouse Ig was detected us-

ing radioimmunoprecipitation of 35S-cysteine-
labeled proteins with rabbit anti-mouse IgG. In
stably transfected COS-Fab3H7+L cells, two pro-
tein bands (approximately 30 and 28 kd) that
corresponded to the Fd heavy and kappa chains
of Fab3H7 were detected in the lysate and cul-
ture medium, while corresponding bands were

not detected in parental COS-1 cells or in pRc/

1
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FIG. 4. Secretion of functional anti-MA Fab3H7 fragments from stable CD4+ Jurkat T cells
Fresh medium from individual stable Jurkat-Fab3H7+L cell clones were harvested after 24 hr incubation, concen-
trated lOx in an Amicon concentrator (Beverly, MA), and added to ELISA wells in triplicate that were coated
with recombinant HIV-1 MA (Agmed) at 100 ng/well. Binding of Fab3H7 fragments was detected by HRP-labeled
rabbit anti-mouse IgG as the secondary antibody and the standard deviations were <5%. Supernatants from the
following sources were tested: Lane 1: 3H7 hybridoma cells; lane 2: Jurkat-pRc/CMV-vector cells; lane 3: stable
Jutrkat-Fab3H7+L subclone 15/72-6.

FIG. 5. Radioimmunoprecipitation of cytoplasmic anti-MA Fab3H7 intrabody fragments

[3"S]-cysteine-labeled proteins from cell lysates of stably transfected COS-1 cells were immunoprecipitated with
rabbit anti-mouse IgG and were analyzed by electrophoresis on a 12.5% SDS-PAGE gel. Lane 1: molecular weight
standards; lane 2: parental COS-1 cells; lane 3: COS-Fab3H7+L cells (clone 15/62); lane 4: COS-Fab3H7-L cells
(clone 621); lane 5: COS-pRc/CMV-vector cells. Arrows indicate Fd heavy and light chains..

CMV vector cells (Fig. 3). Similar results were
obtained using stably transfected Jurkat cells in
place of COS-1 cells (data not shown).

The culture medium of individual stably
transfected Jurkat-Fab3H7+L cell subclones was
used to determine if the secreted anti-MA
Fab3H7 fragments were able to bind to recombi-
nant MA coated onto ELISA plates. As shown in
Fig. 4, medium from a representative Jurkat-
Fab3H7+L subclone demonstrated binding to
MA at 10-fold higher levels compared with the
medium used from Jurkat-vector cells. These ex-
periments demonstrate that the bicistronic ex-
pression vector pCMV-Fab-IRES allows the si-
multaneous expression of Fab3H7 Fd heavy and
kappa chain fragments of the parent 3H7 hybrid-
oma and that these Fab3H7 fragments are able to
bind HIV-1 MA.

Expression of Cytoplasmic Anti-MA
Fab3H7 Intrabody Fragments in
Mammalian Cells

Expression of the anti-MA Fab3H7 intrabodies in
the cytoplasm of mammalian cells was initially
determined by transient transfection with DEAE-
dextran of COS-1 cells using the pRc/CMV-

Fab3H7-L plasmid. In this construct, the native
immunoglobulin leader sequences of the Fd
heavy and kappa chains were removed and the
individual chains were modified to contain a
Kozak consensus sequence and an ATG initiation
codon immediately preceding amino acid 1 of
framework 1 of the heavy chain, and amino acid
-4 of the leader sequence of the kappa chain (7).
In these studies, abundant amounts of anti-MA
Fab3H7 intrabody fragments were detected in
the COS-1 cell lysate (data not shown). Cells that
constitutively express the cytoplasmic anti-MA
Fab3H7 intrabody fragments were then made by
stable transfection of COS- 1 cells and CD4+ Jur-
kat T cells with the leaderless anti-MA pRc/
CMV-Fab3H7-L expressor plasmid. Radioimmu-
noprecipitation of cell lysates from randomly
selected stable COS-Fab3H7-L cells with rabbit
anti-mouse IgG demonstrated the correct size
bands corresponding to the cytoplasmic Fd-
heavy and kappa chains with molecular weights
of approximately 30 and 28 kd, whereas COS-
vector cells showed only nonspecific bands in this
molecular weight range. However, as shown in Fig. 5,
the cytoplasmic Fab3H7 fragments were detected in
lesser amounts than the Fab3H7 fragments expressed
in the endoplasmic reticulum (ER).
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FIG. 6. Inhibition of CAT activity in stably transfected CD4+ Jurkat T cells expressing cytoplasmic
Fab3H7 intrabodies following infection with HIV-1 CAT virus
Seventy-two hours post-infection with 10,000 cpm/ml RT activity (pHXBAenvCAT/pSVIIIenv), cell lysates were
prepared and CAT activity was determined. (A) Lane 1: Jurkat parental cells; lane 2, Jurkat-pRc/CMV-vector cells;
lane 3: Jurkat-Fab3H7-L cells (clone 621-3); lane 4: Jurkat-Fab3H7-L cells (clone 725-3); lane 5: (+) control, CAT
enzyme; lane 6: (-) control, no CAT enzyme. (B) Lane 1: Jurkat parental cells; lane 2: Jurkat FdA3X8/K3H7 cells;
lane 3: Jurkat-Fab-3H7-L cells (clone 621-3); lane 4: Jurkat-Fab3H7-L cells (clone 725-3); lane 5, (+) control, CAT
enzyme; lane 6, (-) control, no CAT enzyme.

Inhibition of HIV-1 Proviral Gene
Expression of CD4+ Jurkat T Cells
Stably Expressing Cytoplasmic Anti-MA
Fab3H7 Intrabodies
The ability of cytoplasmic Fab3H7 intrabodies to
inhibit HIV-1 gene expression was investigated
using a HIV- 1 CAT virus that has a chloramphen-
icol acetyltransferase (CAT) gene replacing the
nef gene and a deletion in the env gene. Wild-
type HIV-1 envelope was supplied in trans, so
that the virions had the genetic capacity for only
a single round of infectivity (32). Following in-
fection and integration of viral DNA, newly syn-
thesized Tat protein transactivates the expression
of the CAT gene. If integration is blocked
through the introduction of critical mutations in
the integrase gene, Tat-mediated gene expres-
sion can still occur, presumably from uninte-
grated viral DNA; however, it is relatively ineffi-
cient (40-44). In addition, it is generally
observed that there is an insufficient level of
HIV-1 gene expression to support a spreading
viral infection (40,41,43-45). Culture medium
containing the HIV-1 CAT virus was used to in-
fect stably transfected bulk populations of Jur-
kat-Fab3H7-L cells (data not shown) or ran-
domly selected single-cell subclones that were
obtained by limiting dilution. As shown in
Fig. 6A, two random clones, 621/3 and 725/3,

showed >99% inhibition of CAT activity as com-
pared to Jurkat control cells or a Jurkat-vector
stable cell lines. In HIV- 1 CAT virus-infected Jur-
kat cells that stably express an irrelevant Fd
heavy chain in place of the 3H7 Fd fragment (Fd
heavy chain chimera Jurkat-FdA3X8/K3H7
cells), only 25% inhibition of CAT activity was
seen (Fig. 6B). These results provide evidence
that most of the binding energy and specificity is
conferred by the MA-specific 3H7 heavy chain.
In addition, the anti-MA Fab3H7 intrabody-ex-
pressing cells have the specific capacity to inhibit
Tat-mediated CAT gene expression, which could
occur as a result of inhibition of any critical step
in the afferent arm of the virus life cycle that
leads to integration of the HIV-1 provirus.

Inhibition of HIV-1 Infection in
CD4+ Jurkat T Cells Stably Expressing
Cytoplasmic Anti-MA Fab3H7 Intrabodies

To determine if the stable Jurkat-Fab3H7-L cells
were resistant to HIV- 1 infection, Jurkat-
Fab8H7-L subclones were infected with two iso-
geneic laboratory strains of HIV-1 that differed
only in the presence or absence of the accessory
gene vpu, which has been shown to enhance the
intracellular transport and maturation of env (46)
as well as virion release (31). Two European,
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FIG. 7. Inhibition of HIV-1 infection in stably transfected CD4+ Jurkat T cells expressing cytoplasmic
anti-MA Fab3H7 intrabodies
Subclones of CD4+ Jurkat-Fab3H7-L cells (1 X 106) were infected with either of two isogeneic laboratory strains
of HIV-1 that differed in the presence or absence of the accessory gene, vpu or two European SI primary isolates.
Cell-free p24 levels were recorded on the indicated days. (A) Infection with HXIIIBv,p+ at 2000 cpm/ml RT activ-
ity (MOI -0.5) of Jurkat-pRc/CMV-vector cells (0), Jurkat-Fab3H7 (clone 621-1) (A), Jurkat-Fab3H7 (clone
621-2) (L1), and Jurkat-Fab3H7 cells (clone 621-3) (K). (B) Infection with HXIIIB,PU_ at 15,000 cpm/ml RT activ-
ity (MOI -6.5) of Jurkat-pRc/CMV-vector cells (0), Jurkat-Fab3H7 (clone 621-3) (K), and Jurkat-Fab3H7 cells
(clone 725-3) (V). (C and D) Parental Jurkat cells (*), Jurkat-vector cells (0), and Jurkat-Fab3H7 cells (clone
725-3) (V) (1 X 106) were infected with 25 ng p24 of two different European, syncytia-inducing (SI) primary iso-
lates that were previously screened for their ability to infect parental CD4+ Jurkat T cells. (C) Infection with pri-
mary isolate #1. (D) Infection with primary isolate #2. (E) Infection with HIV-2NIH Zor HXBIIIBvpU- (MOI -0.5).
Open symbols represent infection with HXIIIB ,pu-; solid symbols, infection with HIV-2NIH-Z; circles, Jurkat-vector
cells; and triangles, Jurkat-Fab3H7 cells (clone 723-5).

syncytium-including (SI) primary isolates that
had been passaged on activated peripheral blood
mononuclear cells (PBMCs) and screened for
their ability to directly infect Jurkat cell lines
were also tested (47). As shown in Fig. 7A, in-
fection of three Jurkat-Fab3H7-L subclones with
HXIIIBvp,1+ virus (MOI -0.5) resulted in a

marked delay of virus infection (as measured by
p24 release) over the 19 day experiment. In
other experiments where infection of Jurkat-
Fab3H7-L subclones with HXIIIBV virus (MOI
-6.5) was performed (Fig. 7B), a more profound
inhibition of HIV-1 infection was seen over the
25-day experiment. Results in Fig. 7C and D
demonstrate that Jurkat-Fab3H7-L cells infected
with two SI primary isolates also showed marked
inhibition of HIV-1 replication over the 20-day
experiment as compared to parental Jurkat cells
or stable Jurkat-vector cells. Finally, results in
Fig. 7E demonstrate that the inhibition is specific

for HIV- 1 since very little inhibitory effect is seen
where these stable cells are infected with HIV-2.
HIV- 1 and HIV-2 are divergent in amino acid
sequences in this region of MA (48). Thus, these
experiments demonstrated that actively dividing
CD4+ Jurkat T cells stably expressing anti-MA
Fab intrabodies are resistant to HIV-1 infection
when challenged with both laboratory strains and
primary viral isolates. However, this resistance is
relative and is not absolute with the stable cell
lines and HIV- 1 strains that were examined.

Inhibition of HIV-1 Integration in
CD4+ Jurkat T Cells Stably Expressing
Cytoplasmic Anti-MA Fab3H7 Intrabodies
The mechanisms of inhibition of HIV- 1 infection
were investigated by examining HIV- 1 integra-
tion and infectious virus formation separately.
Effects on HIV- 1 proviral (HXIIIBvpu ) integra-
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FIG. 8. HIV-1 DNA integration in Jurkat
control and Jurkat-Fab3H7-L cells from an

experiment similar to that in Fig. 7B
Lane 1: HaeIII digested 4X174 DNA molecular
weight standards; lane 2: uninfected Jurkat cells;
lanes 3, 6, 9: infected Jurkat cells; lanes 4, 7, 10: in-
fected Jurkat-Fab3H7-L cells (clone 621-3); lanes 5,

8, 1 1: infected Jurkat-Fab3H7-L cells (clone 725-3).
Lanes 2-5: Day 4; lanes 6-8: Day 10; lanes 9-11:
Day 13; lane 12, uninfected Jurkat cells spiked with
1-3.5 kb fragments from SacIIXbaI digested HXBc2
plasmid that contains the SVCvp,U+ HIV-1 provirus;
lane 13: PCR primers alone, no cellular DNA; lane
14: same as lane 12 but spiked with proviral DNA
fragments <1 kb.

tion into the cellular DNA were explored using a

PCR-based procedure in which viral-cellular
DNA junction fragments of defined size (1-
3.5 kb) were isolated from a 1% agarose gel after
restriction enzyme digestion of cellular DNA. Af-
ter religation of the 5' and 3' LTR-cellular DNA
fragments and PCR amplification of the ligated
and reconstructed LTR fragments, a 561 bp frag-
ment is seen that represents integrated viral DNA
(34). Southern blot analysis used a 32P-labeled
LTR probe to confirm the identity of the PCR
product (data not shown). As seen in Fig. 8, DNA
from HIV- 1-infected Jurkat cells (lane 3) show
the 561 bp integration product 4 days post-infec-
tion, whereas DNA from stable Jurkat-Fab3H7
subclones expressing the cytoplasmic anti-MA
Fab3H7 intrabodies (lanes 4 and 5) do not. At 10
days post-infection, a strong integration band is
seen only in the control cells (lane 6), and it is
not seen in the anti-MA intrabody expressing
subclones (lanes 7 and 8). The integration band
is seen on Day 13 in the anti-MA Fab intrabody
expressing subclones (lanes 10 and 11). Thus in
these experiments, where multiple rounds of in-

fection are occurring, integration was delayed
but not prevented in the anti-MA Fab intrabody-
expressing cells. Similar analysis of DNA ob-
tained from uninfected Jurkat cells spiked with
viral DNA fragments obtained by restriction en-
zyme digestion outside of the 1-3.5 kb size range
yielded no specific PCR products, indicating that
the separation of DNA fragments of the LMP
agarose gel and the extraction of these DNA frag-
ments in the 1-3.5 kb region effectively removed
viral DNA fragments outside the 1-3.5 kb range
of DNA (lane 2). In addition, no specific signal
was obtained if the 1-3.5 kb fragments were not
ligated prior to PCR amplification, thus demon-
strating that the 561 bp fragments were not due
to contaminating linear or circular viral DNA
fragments (data not shown).

Inhibition of Infectious Virus Formation
in CD4+ Jurkat T Cells Stably Expressing
Cytoplasmic Anti-MA Fab3H7 Intrabodies

The infectivity of HIV- 1 virions released from the
infected anti-MA-expressing Jurkat-Fab3H7-L
cells was investigated by comparing the TCID50
of the cell-free culture supernatant normalized
for Gag p24. The experiments were the same
(Fig. 7A) or similar to those described in
Fig. 7B-D. On the first day after infection of cells,
when p24 was detectable in the supernatants,
equal amounts (20-25 ng, depending on the
experiment) of p24 were used to initiate infec-
tion of fresh CD4+ H9 cells to determine the
infectivity (TCID50 units) of the virions (33). Su-
pernatants from two to four subclones of HIV- 1-
challenged, Fab3H7-expressing Jurkat cells were
examined. As shown in Table 1, marked inhibi-
tion of virion infectivity was seen with virions
released from the Fab3H7 intrabody-expressing
cells compared to control cells in all three viruses
examined. This inhibition of virion infectivity
ranged from 76% to 98.5%, and most subclones
showed >93% inhibition compared to the virions
released from control cells. Thus, these experi-
ments demonstrate a significant decrease in the
infectivity of the virions released from these HIV-
1-infected, Fab3H7 intrabody-expressing cells.

DISCUSSION
The results of these experiments demonstrate
that the heavy and light chains of the anti-MA
Fab intrabodies can self-assemble in the cyto-
plasm of mammalian cells into functional mole-
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TABLE 1. Infectivity of virus particles released from stably transfected CD4+ Jurkat T cell lines
expressing anti-HIV-1 MA Fab3H7 intrabodiesa

Virus Cell Line Day of p24 Harvest TCID50/ml % Inhibition

HXIIIBvpu+ Vector 9 1.85 X 106
Fab3H7 clone 621-1 17 4.09 X 104 97.8
Fab3H7 clone 621-3 19 2.90 X 104 98.5

HXBIIIvpu- Vector 15 2.60 X 106
Fab3H7 clone 621-1 25 4.60 X 105 82.3
Fab3H7 clone 621-3 20 6.30 X 106 76.0

Fab3H7 clone 725-1 20 1.60 X 105 93.8

Fab3H7 clone 725-3 20 1.16 X 105 96.0

SI primary isolate #1 Vector 15 1.80 X 106
Fab3H7 clone 621-1 30 1.15 X 105 93.6

Fab3H7 clone 621-3 30 2.80 X 104 98.5
Fab3H7 clone 725-1 20 1.15 X 105 93.6

Fab3H7 clone 725-3 20 4.00 X 104 97.7

a-0.5, 0.5, and 0.2 M.O.I. of HXIIIBVPU+, HXIIIB,PU, and SI primary isolate #1 were used to infect cells respectively.

cules that can inhibit HIV- 1 integration and in-
fectious particle formation. Using the bicistronic
expression vector pCMV-Fab-IRES, the Fd heavy
and light chains of the 3H7 anti-MA Mab were
expressed in near stoichiometric amounts,
thereby resolving previously reported problems
associated with using either separate promoters
to drive expression of the Fd heavy and light
chains (6) or using double drug selection (9). In
addition, even in the reducing environment of
the cytoplasm where inter- and intrachain disul-
fide bond formation may not be optimal (49), a
sufficient number of stably expressed functional
molecules are formed to inhibit HIV-1 infection.
Thus, these technical advances significantly
broaden the structural variations of functional
cytoplasmic anti-HIV- 1 intrabodies to include
sFv (single chain), sFv-fusion proteins, and Fab
molecules (3-9,50).

The HIV- 1 MA protein is involved in two
critical stages of the viral life cycle: nuclear im-
port of the viral preintegration complex and par-
ticle assembly. Interestingly, previous studies
have shown that the MA NLS is dispensable for
infection of replicating cells (10-12,25,26). In
the present study, however, in actively dividing
CD4+ T cells, the anti-MA Fab intrabodies di-
rected against a carboxyl-terminal epitope asso-
ciated with the Clade B HIV-1 genotype (39)
were able to inhibit functions associated with

this viral protein. Indeed, inhibition of HIV- 1
infection with both laboratory strains and pri-
mary HIV-1 isolates was observed (Fig. 7 and
Table 1). When examined separately, critical
events in the early (afferent) and late (efferent)
arms of the life cycle were inhibited.

The afferent arm of the HIV-1 life cycle was
examined using an HIV- 1 CAT virus with single-
round infectivity (Fig. 6), and marked inhibition
of Tat-mediated CAT activity was observed
(Fig. 6). The mechanism of this inhibition was
not determined in these studies; however, sev-
eral processes may be involved. First, since most
of the MA has been localized to the periphery of
mature HIV- 1 particles, where it is bound to the
inner leaflet of the virus lipid bilayer (51) and in
association with the envelope glycoprotein, it is
possible that the anti-MA Fab intrabodies are
infering with viral uncoating, a step in the viral
life cycle that is poorly understood. Second, the
anti-MA Fab intrabodies may be binding to the
carboxyl-terminus of MA while it is a part of a
high-molecular-weight preintegration complex
and they may inhibit either reverse transcription
indirectly or the transport of the preintegration
complex through the nucleopore to the nucleus
directly (52). In the latter case, however, because
the HIV-1 -infected Jurkat-Fab3H7-L cells are ac-
tively dividing in culture, the breakdown of the
nuclear envelope at mitosis should allow the pre-
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integration complex to come in contact with cell
chromosomes (53,54). Therefore, for this direct
mechanism of inhibition to occur, binding of the
anti-MA Fab intrabodies to the MA-associated
preintegration complex would have to render
the complexes unstable. Decreased stability of
viral RNA has been reported following HIV-1
entry in quiescent primary lymphocytes (36).
Finally, it is possible that the anti-MA Fab intra-
bodies can prevent integration of the viral dou-
ble-stranded DNA intermediate through steric
interferences with other components of the pre-
integration complex (e.g., integrase). Indeed, a
direct physical interaction between MA and in-
tegrase has been recently reported (26).

A marked decrease in the infectivity of virus
particles released from the anti-MA Fab intra-
body-expressing Jurkat-Fab3H7-L cells was seen
when the cells were infected with either labora-
tory strains or two SI European primary isolates
of HIV- 1 (Fig. 7 and Table 1). Although the
mechanism(s) of this inhibition were not uncov-
ered in these studies, preliminary radioimmuno-
precipitation studies of viral proteins from HIV-
1-infected Jurkat-Fab3H7-L cells showed no
clear differences in the levels of p55 gag precur-
sor or its cleavage product when cell lysates,
supernatant, and cell-free pelleted virions were
examined (data not shown). Thus, inhibition of a
process other than p55 gag maturation could be
occurring. Inhibition of envelope association
with MA (55), MA dimerization (56), viral
genomic RNA association with the p55 gag pre-
cursor, or tyrosine phosphorylation of MA by a
virion-associated cellular protein kinase reported
to lead to preferential targeting of phosphory-
lated MA to the nucleus of target cells (24-26)
could also be involved.

When multiple rounds of infection were ex-
amined in HIV- 1 challenge experiments (Fig. 8),
less-integrated proviral DNA was seen in the in-
trabody-expressing cells than in control cells un-
til Day 13. Since these experiments involve
many cycles of HIV- 1 replication, the appearance
of less-integrated proviral DNA could be due to a
block at any step in the replication cycle. Further
experiments with single-round infections will be
required to delineate the precise mode(s) of ac-
tion for the anti-MA Fab intrabodies on the af-
ferent and efferent arms of the replication cycle.
Likewise, it is not known whether the "break-
through" of viruses in the intrabody-producing
cells is due to the development of mutant resis-
tant viruses. Indeed, this epitope is not invariant
even for the B Clade (57), and amino acid

changes in this region are tolerated and generate
infectious virus (21,58). This potential problem
may limit the use of anti-HIV- 1 intrabodies as
gene therapy reagents unless epitopes are tar-
geted where mutations in the viral proteins re-
sult in loss of function and/or combinations of
targets are chosen to cripple several steps in the
viral life cycle simultaneously.

For the inhibitory effects of the anti-MA Fab
intrabodies to be fully elucidated, further studies
will be required in terminally differentiated non-
dividing cells such as macrophages (monocytes,
tissue macrophages, dendritic cells, and micro-
glial cells). The effects of the anti-MA Fab intra-
bodies on the nuclear import of the preintegra-
tion complex can be more accurately studied in
these cells since the nucleopores remain intact
(10-12,25,26). Similar karyophilic properties
have been shown for the accessory viral protein
Vpr, and in future studies using anti-MA Fab
intrabody-expressing, nondividing cells, the rel-
ative contributions of the partly redundant MA
and Vpr karyophilic localization signals could be
examined in Vpr+ and Vpr- viruses (14,15). In-
deed, the crucial role of these HIV-1-infected,
nondividing cells in AIDS pathogenesis and in
allowing the spread of HIV-1 infection makes
them an attractive target for gene therapy and
novel pharmacologic interventions.

In summary, anti-MA Fab intrabodies di-
rected against a carboxy-terminal epitope on MA
inhibit HIV-1 infection by disrupting both the
afferent and efferent arms of the virus life cycle.
This inhibitory effect is seen in CD4+ human T
cells that are actively dividing. This combined
early and late effect on the virus life cycle is
unique among the anti-HIV-1 intrabodies that
have thus far been reported, including those di-
rected against gpl20 (3,5,6), Tat (7), Rev (8,50),
and RT (9). Two reasons for the potent inhibitory
effects of the anti-HIV- 1 intrabodies previously
described and of the anti-MA intrabodies re-
ported here may reside in the relative case of
directing the intrabodies to relevant subcellular
compartments and to different epitopes on a tar-
get protein (4). In future studies, bicistronic ex-
pression vectors as demonstrated here should be
useful in the rapid evaluation of combination
anti-HIV sFv intrabody-based gene therapy
strategies (Fig. 1). Indeed, such combination tar-
get strategies will probably be needed in the clin-
ical gene therapy setting, as recent treatment
advances with combination anti-HIV- 1 chemo-
therapy have shown (59,60). If long-term pro-
tection of intrabody-expressing, transduced
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CD4' and differentiated CD34+ stem cells is to
be achieved, these cells will have to give rise to
HIV- 1-resistant progeny cells that are capable of
expanding in the host and allow for long-term
immunologic reconstitution.
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