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Abstract.
The human immunodeﬁciency virus type 1 (HIV-1) integrase
(IN) protein plays an important role during the early stages of
the retroviral life cycle and therefore is an attractive target for
therapeutic intervention. We immunized rabbits with HIV-1 IN
protein and developed a combinatorial single-chain variable
fragment (scFv) library against IN. Five different scFv
antibodies with high binding activity and speciﬁcity for IN were
identiﬁed. These scFvs recognize the catalytic and C-terminal
domains of IN and block the strand-transfer process. Cells
expressing anti-IN–scFvs were highly resistant to HIV-1
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replication due to an inhibition of the integration process
itself. These results provide proof-of-concept that rabbit
anti-IN–scFv intrabodies can be designed to block the early
stages of HIV-1 replication without causing cellular toxicity.
Therefore, these anti-IN–scFvs may be useful agents for
“intracellular immunization”-based gene therapy strategies.
Furthermore, because of their epitope binding characteristics,
these scFvs can be used also as new tools to study the
structure and function of HIV-1 IN protein.
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1. Introduction
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determining regions; CPRG, chlorophenol red-beta-d-galactopyranoside; E. coli,
Escherichia coli; ELISA, enzyme-linked immunosorbent assay; HA, hemagglutinin; HAART,
highly active antiretroviral therapy; HIV-1, human immunodeﬁciency virus type 1; HRP,
horseradish peroxidase; IN, integrase; IPTG, isopropyl-1-thio-β-d-galactoside; mAbs,
monoclonal antibodies; MOI, multiplicity of infection; NLS, nuclear localization signal;
PBS, phosphate-buffered saline; PFV, prototype foamy virus; PR, protease; RT, reverse
transcriptase; scFv, single-chain variable fragment; VH, heavy-chain variable domain; VL,
light-chain variable domain.
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URIA—Centro de Patógenese Molecular, Av. Das Forças Armadas, Lisbon 1649-019,
Portugal. Tel.: + 351-21-7946489; Fax: + 351-21-7934212; e-mail: joao.goncalves@
ff.ul.pt or Carlos Barbas III, PhD, The Skaggs Institute for Chemical Biology and the
Departments of Molecular Biology and Chemistry, The Scripps Research Institute, La Jolla,
CA, USA. Tel.: 858-784-9098; Fax: 858-784-2583; e-mail: carlos@scripps.edu.
Present address of Frederico Aires da Silva: Technophage, Av. Prof. Egas Moniz, Edifı́cio
Egas Moniz, Piso 2, Lisbon 1649-028, Portugal.
Supporting Information is available in the online issue at wileyonlinelibrary.com.
Received 10 May 2012; accepted 26 July 2012
DOI: 10.1002/bab.1034
Published online 10 October 2012 in Wiley Online Library
(wileyonlinelibrary.com)

The spread of human immunodeﬁciency virus type 1 (HIV-1) has
been dramatic since the early 1980s, when the virus was discovered to be the causative agent of AIDS [1],[2]. Over the past
two decades, researchers worldwide have sought to develop
small-molecule inhibitors to target essential steps in the viral
cycle [3]. Highly active antiretroviral therapy (HAART), one of the
most widely used treatment regimens, employs a combination
of therapeutic agents that target the viral reverse transcriptase
(RT) and protease (PR) enzymes [3],[4]. In the developed world,
access to HAART has led to signiﬁcant reductions in the morbidity and mortality attributed to HIV/AIDS. However, the emergence of drug-resistant virus isolates is causing an increasingly
detrimental impact on disease outcome [5],[6]. As a result, there
is a pressing need to identify and develop new therapies that
can be effective against virus isolates resistant to HAART [7],[8].
The HIV-1 integrase (IN) protein is currently the focus of an
intense research effort to develop improved anti-HIV-1 drugs [9–
11]. This enzyme catalyzes the integration of the HIV genome into
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the chromosome of the host cell, arguably the most insidious
step in the infection process [12]. The HIV-1 IN consists of a 288
amino-acid (aa) protein (32 kDa) encoded at the 3 -end of the
HIV pol gene and it contains three distinct domains: N-terminal,
catalytic core, and the C-terminal [12–14]. The N-terminal domain
(aa 1–49) is believed to be involved in protein multimerization
and contains a histidine–histidine–cysteine–cysteine motif that
coordinates zinc binding [13],[15–18]. The central or catalytic
core domain (aa 50–212) contains a highly conserved triad of
acidic residues D64, D116, and E152 (DDE motif) that are involved in catalysis [12],[19],[20]. Mutation of any of these acidic
residues abolishes HIV-1 IN activity [13],[20]. The C-terminal domain (aa 213–288), the least conserved of the three protein
domains, binds the viral DNA ends and might also contribute
to the binding of chromosomal DNA during integration [20–23].
All three canonical IN structural domains may be involved in
extensive protein–DNA and protein–protein interactions as similarly described for a retroviral IN from prototype foamy virus
(PFV), a close relative of HIV-1 [24]. In this case, the structural
data reveal that the retroviral intasome, the minimal functional
complex involving viral DNA and IN, comprises an IN tetramer
tightly associated with a pair of viral DNA ends [24].
During the past 10 years, several IN inhibitors have been
developed to block the integration step [9–11],[25]. However,
progress in the development of IN inhibitors has been slow;
most of these compounds have not met the minimum standards required to be deﬁned as lead molecules in the search
for clinically useful applications or have been toxic in cell cultures [9–11],[25]. Recently, the ﬁrst IN inhibitor, MK-0518 (raltegravir), received US Food and Drug Administration approval
and entered clinical use [26]. Although a second compound, GS9137 (JTK-303, elvitegravir) is in clinical trials [27], new agents
and therapeutic approaches must continue to be identiﬁed and
developed to block this crucial step in HIV-1 replication.
In recent years, gene therapy has been considered in treatment of HIV/AIDS, either as an alternative or as a complement
to antiretroviral chemotherapy [28–30]. Intracellular antibodies
(intrabodies) represent a new class of neutralizing molecules
with potential use in gene therapy approaches [31–33]. An intrabody is an antibody designed to be expressed intracellularly
and directed to a particular subcellular compartment where it
can exert its function [34–36]. Intrabodies can be expressed in
several forms. The most commonly used format consists of a
single-chain variable fragment (scFv) in which the variable domain of the heavy chain (VH) is connected to the light chain (VL)
through a peptide linker. The speciﬁcity and afﬁnity of the parent antibody are preserved in this process [34],[35]. The binding
of an intrabody to its molecular target has the potential to block,
suppress, alter, or even enhance the process mediated by that
molecule [37–39].
A number of murine monoclonal antibodies (mAbs) directed against HIV-1 IN have been raised and characterized by
several groups [40–48]. Some of these mAbs have been cloned
into scFvs and tested as intrabodies [45],[46]. Although some of
these block HIV-1 replication, they are all derived from murine
immunoglobulin G molecules and were generated by hybridoma
technology. The rabbit antibody repertoire has been used for
decades in diagnostic applications in the form of polyclonal
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antibodies, and it offers an attractive alternative to the murine
antibody repertoire for the generation of therapeutic mAbs. Rabbits, which belong to the order Lagomorpha (lagomorphs), are
evolutionarily distant from mice and rats, which belong to the
order Rodentia (rodents) [49]. As a result, epitopes that might
be invisible to rodent mAbs and also human mAbs generated
from transgenic mice with human immunoglobulin genes, can
often be recognized by rabbit antibodies. Moreover, as was
previously demonstrated, rabbit antibodies can be converted to
humanized antibodies that retain both high speciﬁcity and afﬁnity for the antigen [50],[51]. We have recently demonstrated that
rabbit antibody fragments against viral proteins can be highly
expressed in reducing environments of mammalian cells and
efﬁciently block viral functions [52–54].
In the present study, we immunized rabbits with HIV-1
IN and generated a combinatorial scFv library against IN. We
identiﬁed ﬁve different anti-IN–scFvs with high binding activity
and speciﬁcity for IN. These scFvs bound to the catalytic and
C-terminal domains of IN and inhibited the strand-transfer process without affecting the 3 -end processing reaction. Notably,
cells expressing intrabodies were highly resistant to HIV-1 infection due to an inhibition of the integration process itself. These
ﬁndings provide proof-of-principle that rabbit anti-IN intrabodies can be designed to block early stages of HIV-1 replication.
Therefore, these intrabodies might be useful agents for “intracellular immunization” and will prove useful as tools to probe
the structure and function of HIV-1 IN.

2. Materials and methods
2.1. Plasmids
The plasmid coding for HIV-1NL4-3 was obtained from the AIDS
Research and Reference Reagent Program (Germantown, MD,
USA). Plasmid pComb3X was derived from pComb3H [55]. The
envelope plasmid pMD.G was kindly provided by Dr. Didier
Trono. Plasmid pcDNA3.1/Zeo( + ) and pBR322 were obtained
from Invitrogen (Carlsbad, CA, USA). pMX-KRAB8FPBS2puro is a
retroviral vector derived from pMX-puro, which comprises the 5
long terminal repeat (LTR) and 3 LTR regions, lacks the complete
gag, env, and pol genes, and contains a puromycin-selectable
marker [56]. The pMX-KRAB8FPBS2puro vector expresses a single bicistronic message for the translation of the 8FPBS2 zinc
ﬁnger protein and additionally appends a hemagglutinin (HA)
tag [57]. Plasmid pNde675 was previously described and is derived from pCR2.1 (Invitrogen) [58].

2.2. Antibodies and cell culture
The following antibodies were used: anti-M13–horseradish peroxidase (HRP) mAb (Roche Diagnostics GmbH, Basel, Switzerland), anti-HA–HRP mAb (Roche Diagnostics GmbH), rhodamineconjugated anti-HA mAb (Roche Diagnostics GmbH). Anti-IN
polyclonal antibody (#7375, #756, and #758) and anti-p24 mAb
were from the AIDS Research and Reference Reagent Program.
293T cells (American Type Culture Collection), Gag-Pol 293 cells
(Clontech, Palo Alto, CA, USA), and HeLa CD4 LTR-β-Gal cells
(AIDS Research and Reference Reagent Program) were maintained in Dulbecco’s modiﬁed Eagle medium (DMEM) and Jurkat
Biotechnology and Applied Biochemistry

cells were maintained in Roswell Park Memorial Institute 1640
medium. Media were supplemented with 10% fetal calf serum
(FCS), antibiotics (100 units/mL penicillin, and 100 μg/mL streptomycin), and 2 mM l-glutamine. Stable Jurkat clones expressing anti-IN–scFvs were maintained in the presence of puromycin
(1 μg/mL). All cell cultures were maintained at 37 ◦ C in 5% CO2 .
Tissue culture media and reagents were from Lonza (Basel,
Switzerland).

2.3. Rabbit immunization
Two New Zealand white rabbits were treated with four subcutaneous injections containing 200 μg of puriﬁed HIV-1 IN protein
in a 1-mL emulsion of adjuvant (Ribi Immunochem Research,
Hamilton, MT, USA). The injections were administered at 2–3
week intervals. Antisera from the immune animals was analyzed
for binding to HIV-1 IN protein by enzyme-linked immunosorbent
assay (ELISA) using HRP-conjugated goat antirabbit Fc polyclonal antibodies as secondary antibodies (Pierce, Rockford, IL,
USA). Five days after the ﬁnal boost, spleen and bone marrow
from one leg were harvested and used for total RNA preparation
with TRI-REAGENT (Invitrogen) according to the manufacturer’s
protocol.

2.4. cDNA synthesis, antibody library construction,
and phage display
First-strand cDNA was synthesized using the Superscript Preampliﬁcation System with oligo(dT) priming (Invitrogen). Speciﬁc oligonucleotide primers covering all known variable rabbit
antibody family sequences were used to amplify VH and VL gene
segments separately [55]. The puriﬁed variable region products
were then assembled into scFv format by overlapping PCR. An 18
aa linker fragment (SSGGGGSGGGGGGSSRSS) was used to connect the VL and VH fragments. The ﬁnal DNA fragments encoding
a library of scFv antibody fragments (VL–linker–VH) were gel puriﬁed, digested with SﬁI, and cloned into the appropriately cut
phagemid vector pComb3X containing a suppressor stop codon
and sequences encoding peptide tags for puriﬁcation (6-His)
and detection (HA). The recombinant phagemid was introduced
into competent Escherichia coli ER2538 cells by electroporation. The phage library displaying the scFvs was panned against
immobilized HIV-1 IN antigen using a solid-phase protocol [55].
One hundred and ﬁfty scFv phage clones from the ﬁnal output
were randomly selected for ELISA to evaluate their binding activity against HIV-1 IN. HRP-conjugated anti-M13 mAb (Roche
Diagnostics GmbH) was used for detection. All clones with a
signiﬁcant signal above background were further analyzed by
DNA ﬁngerprinting and sequencing.

2.5. Expression and puriﬁcation of anti-IN antibody
fragments
To express and purify selected anti-IN–scFvs, phagemid DNA
was transformed into nonsuppressor E. coli strain TOP10F. A
fresh colony of each clone was grown at 37 ◦ C overnight in Super
Broth (SB) medium containing 100 μg/mL of ampicillin. A 10 mL
sample of cells was used to inoculate 1 L of SB medium containing 100 μg/mL of ampicillin. Cells were grown at 37 ◦ C until
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A600 nm reached 0.9. scFv expression was induced by the addition of 0.5 mM isopropyl-1-thio-β-d-galactoside and growth was
continued for 18 H. After induction, bacteria were harvested by
centrifugation (4,000g, 4 ◦ C, 15 Min) and resuspended in 50 mL
equilibration buffer (20 mM NaH2 PO4 , 500 mM NaCl, 30 mM imidazole, and pH 7.4) supplemented with PR inhibitors (Roche
Diagnostics GmbH). Cells were lysed by sonication. Centrifugation (14,000g, 4 ◦ C, 30 Min) was used to remove cellular debris,
and the supernatant was ﬁltered through a 0.2-μm syringe ﬁlter.
All chromatographic steps were performed at 4 ◦ C. First, scFv extracts were puriﬁed by nickel chelate afﬁnity chromatography
using the C-terminal His tag. Bound proteins were eluted with a
linear imidazole gradient from 0 to 300 mM imidazole in 20 mM
NaH2 PO4 and 0.5 M NaCl (pH 7.4). The appropriate fractions
were pooled, dialyzed against 20 mM Tris (pH 8.0), 50 mM NaCl,
1 mM ethylenediaminetetraacetic acid (EDTA) and loaded onto
a Mono Q anion exchange column (Amersham Biosciences, GE
Healthcare, Fairﬁeld, CA, USA), equilibrated in the same buffer.
Elution from the anion exchange column was achieved with a
linear gradient of 0 to 800 mM NaCl. Pooled fractions of all
antibody fragments were dialyzed against phosphate-buffered
saline (PBS). Protein purity was analyzed by nonreducing 15%
SDS-PAGE. Protein quantiﬁcation was determined using the
classic Bradford reagent (Bio-Rad, Hercules, CA, USA).

2.6. In vitro binding studies of anti-IN antibody
fragments
Relative binding of puriﬁed anti-IN antibody fragments was determined via ELISA after coating the wells with 200 ng of puriﬁed
recombinant HIV-1 IN protein, HIV-1 PR, or bovine serum albumin
(BSA) overnight at 4 ◦ C in PBS. Wells were blocked for 1 H at 37 ◦ C
with 3% BSA in PBS. Puriﬁed anti-IN–scFvs were added to the
wells and incubated for 1 H at 37 ◦ C. After washing the wells with
PBS, anti-HA–HRP mAb (Roche Diagnostics GmbH) was used for
detection. Optical density at 405 nm was measured and assays
were performed in triplicate. Speciﬁcity was demonstrated by
Western blot analysis. Various amounts of HIV-1 IN and HIV-1
PR proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. After blocking, proteins were probed
with each puriﬁed anti-IN–scFv clone (20 μg/mL) and then with
anti-HA–HRP mAb (Roche Diagnostics GmbH) as a secondary
antibody. Proteins were visualized using the ECL system (Amersham Biosciences, GE Healthcare). Antilatency-associated nuclear antigen (LANA) scFv (BM10) was used as a control antibody
in both assays [54].

2.7. Mapping HIV-1 IN epitopes
To assess the IN-speciﬁc epitopes, puriﬁed anti-IN antibody
fragments were tested for binding to a set of linear 20-mer peptides representing the entire HIV-1 IN sequence (AIDS Research
and Reference Reagent Program). Brieﬂy, Covalink ELISA plates
(Thermo Fisher Scientiﬁc, Waltham, MA, USA) were coated
overnight with 5 μg of each peptide. After blocking with 3%
BSA in PBS, puriﬁed anti-IN–scFvs were added to the wells and
incubated 1 H. After washing the wells with low-ionic-strength
buffer (150 mM NaCl, 50 mM Tris, pH 7.5, and 0.1% Triton X100) or high-ionic-strength buffer (500 mM NaCl, 50 mM Tris, pH
7.5, and 1% Triton X-100), HRP-conjugated anti-HA mAb (Roche
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Diagnostics GmbH) was used for detection. All steps were performed at room temperature. To control for the quality of peptides and ELISA conditions, two polyclonal antibodies (AIDS
Research and Reference Reagent Program) that speciﬁcally
recognize residues 1–16 (Cat #756) and 276–288 in the IN protein
(Cat #758) were used. Optical density at 405 nm was measured
and assays were performed in triplicate. BM10 scFv was used as
a control antibody.

The reactions were stopped by addition of 0.1% SDS, 10 mM
EDTA, and 5 μg of proteinase K. A 2.5-μL aliquot of each reaction mixture was subjected to electrophoresis in a 0.8% agarose
gel in 1 × Tris–Borate–EDTA buffer. Gels were dried, exposed
to imaging plates, and visualized and quantiﬁed with a Fuji
BAS-2500 bio-imaging analyzer.

2.8. DNA substrates for IN activity assays

After expression studies in E. coli TOP10F and analysis of
binding activities, genes encoding anti-IN–scFvs were transferred into pcDNA3.1/Zeo + (Invitrogen) by NotI and XhoI digestion. A methionine initiation codon was added into all
scFvs by PCR. The sequence encoding the HA-tag sequence
(YPYDVPDYA) was added at the C-terminus. The primers
used for cloning in pcDNA3.1/Zeo + were: Babe ScFv5 5 GGCATGGGGGCCCAGGCGGCCCAGCTC-3 and Babe ScFv3 5 GCCACCACCCTCCTAAGAAGC-3 . Anti-IN–scFvs were also cloned
into pcDNA3.1/Zeo + with a nuclear localization signal (NLS).
The NLS sequence was added at the N-terminal end of
each fragment by using the primers Babe ScFv5NLS 5 GGCATGGGGGCCCAGGCGGCCCAGCTC-3 and Babe ScFv3 5 GCCACCACCCTCCTAAGAAGC-3 . To analyze intrabody expression in eukaryotic cells, 293T cells (1–2 × 106 ) were transfected
by a standard calcium phosphate method with 5 μg of plasmids encoding the scFv of interest. Efﬁciency of transfection is
70%–80%. Forty-eight hours posttransfection, 293T cells were
washed with 5 mL of cold PBS. Cells were lysed in 1 mL 50 mM
Tris (pH 8.0), 100 mM NaCl, 1% Nonidet P-40 containing PR inhibitors (Roche Diagnostics GmbH) for 60 Min on ice. The lysates
were cleared by centrifugation for 30 Min at 14,000g, separated
by 12% SDS-PAGE, and transferred to nitrocellulose membrane.
Western blots were performed with HRP-conjugated anti-HA
mAb (Roche Diagnostics GmbH).

The 3 -end processing substrate consisted of the terminal
21 bp from the U5 end of viral DNA and was prepared using
the oligonucleotide RZ132 (5 -GTGTGGAAAATCTCTAGCAGT3 ) and AE118 (5 -ACTGCTAGAGATTTTCCACA-3 ). RZ132 was
treated with alkaline phosphatase and 5 -end labeled with
[γ -32 P] ATP by T4 polynucleotide kinase. The radiolabeled oligonucleotide was then annealed to
AE118 and unincorporated ATP was removed by centrifugation through a quick-spin column (Millipore,
Billerica, MA, USA). The precut DNA substrate for the
strand-transfer assay was prepared by NdeI digestion of
pNde675 plasmid, resulting in a 675-bp linear fragment ﬂanked
by 31 bp of HIV-1NL4-3 U5 LTR and U3 LTR sequences at each
end. The precut DNA fragments were 5 -end labeled with [γ -32 P]
ATP by T4 polynucleotide kinase. The target DNA used in the
strand-transfer integration assay was supercoiled pBR322
(Invitrogen).

2.9. IN activity assays
All IN activity assays were performed essentially as described
previously with minor modiﬁcations [58],[59]. For the 3 -end
processing assay the reaction mixtures (25 μL ﬁnal volume)
were assembled by incubating 200 nM IN on ice in 20 mM 3(N-morpholino)propanesulfonic acid, pH 7.2, 0.1 mg/mL BSA,
7.5 mM MnCl2 , 10% glycerol, and 10 mM 2-mercaptoethanol.
These components were preincubated on ice for 15 Min with
anti-IN–scFvs at various IN/scFv ratios. Then, 20 nM oligonucleotide substrate was added. Samples were incubated 1 H at
37 ◦ C and then reactions were quenched by adding 20 μL of sequencing gel loading dye (95% formamide, 10 mM EDTA, 0.03%
bromophenol blue, and 0.03% xylene cyanol). A 2.5-μL aliquot
of each reaction mixture was subjected to electrophoresis in
a 20% denaturating polyacrylamide gel. Gels were dried, exposed to imaging plates, and visualized and quantiﬁed with a
Fuji BAS-2500 bio-imaging analyzer (FujiFilm, Tokyo, Japan).
For the strand-transfer assay, reaction mixtures (25 μL ﬁnal
volume) were assembled by incubating 80 nM IN on ice in
20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH
7.5, 12% dimethyl sulfoxide, 5 mM dithiothreitol, 10% polyethylene glycol-6000, 10 mM MgCl2 , 20 mM ZnCl2 , and 100 mM NaCl.
These components were preincubated on ice for 15 Min with
anti-IN–scFvs at various IN/scFv ratios. After addition of 10 nM
DNA precut substrate, samples were further incubated on ice
30 Min. Then, 500 ng target plasmid DNA pBR322 was added.
After a 30-Min preincubation on ice, the reaction was initiated by
transferring to 37◦ C and incubation was continued for 90 Min.
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2.10. Expression of anti-IN antibody fragments in
eukaryotic cells

2.11. Immunoﬂuorescence staining
HeLa CD4 cells (0.5 × 106 /well) transfected by calcium phosphate method with 4 μg of plasmid were ﬁxed in PBS with
4% paraformaldehyde for 10 Min at room temperature, permeabilized with PBS plus 0.1% Triton X-100 for 5 Min, and
washed with PBS plus 2% FCS before staining. For immunostaining of scFv, direct immunoﬂuorescence was performed
with rhodamine-conjugated anti-HA mAb (5 μg/mL) (Roche Diagnostics GmbH). Slides were mounted with DAPI Vectashield
(Vector Labs, Burlingame, CA, USA) to stain nuclei, and cells
were visualized using an Olympus IX-50 inverted microscope
(Olympus Portugal, Lisbon, Portugal) equipped with Ludl BioPoint ﬁlter wheels, and a 12-bit PCO (Kelheim, Germany) Sensicam QE cool CCD (Ludl Electronic Products, New York, NY,
USA). Integrated control of the ﬁlter wheel and image acquisition was achieved by Image-Pro Plus 4.5 and ScopePro 3.1 (Media Cybernetics, Rockville, MD, USA). Settings for
image acquisition (camera exposure time, ﬁlters and time
interval) were determined by custom-made macros. Images
were collected with Olympus 40 × or 100 × plan apo objectives
(Numerical Aperture = 0.95 and 1.4, respectively).
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2.12. One-step viral replication analysis
One-step viral replication was tested using HeLa CD4 LTRβ-Gal reporter (MAGI) cells, which contain a stably integrated LTR-β-galactosidase expression cassette that reports
productive HIV-1 infection following Tat expression and transactivation [60]. Brieﬂy, HeLa CD4 LTR-β-Gal cells (1 × 106 /well)
were transfected by the calcium phosphate method with 4 μg
of pcDNA3.1/Zeo( + ) encoding scFv. Twenty-four hours after
transfection, HIV-1NL4-3 was used to infect cells at a multiplicity of
infection (MOI) of 1.0 for 5 H and enhanced by spinoculation. To
produce HIV-1NL4-3 for infectivity assays 1 × 106 293T cells were
transfected with 5 μg of plasmid encoding HIV-1NL4-3. After 48 H,
lentiviral particles were collected and quantiﬁed by p24 ELISA.
Cells were washed with prewarmed serum-free medium and cultured for 48 H. The ability of anti-IN–scFvs to inhibit early steps of
replication was measured by quantiﬁcation of β-galactosidase
activity in cell lysates using a colorimetric assay based on the
cleavage of chlorophenol red-β-d-galactopyranoside (CPRG).
HeLa CD4 LTR-β-Gal cells were washed with PBS and lysed
with lysis buffer (50 mM Tris, pH 8.0, 100 mM NaCl, and 1% Nonidet P-40), supplemented with PR inhibitors. After incubation
for 30 Min on ice, CPRG reaction buffer (6 mM in lysis buffer)
was added to the cell lysates and incubated for 2 H at 37 ◦ C. The
optical density at 570 nm was measured. BM10 was used as a
control antibody.

2.13. Quantiﬁcation of newly synthesized HIV-1
DNA
Real-time ﬂuorescence-monitored PCR, using the LightCycler
Instrument (Roche Diagnostics GmbH), was used to monitor,
over a 24 H period postinfection, the synthesis of viral cDNA intermediates in HeLa-P4 cells. These cells were transfected with
scFv and infected with HIV-1 in presence of 1 μM saquinavir, to
limit viral replication to a single round. Equal amounts of DNasetreated virions (100 ng of p24) were used to infect 5 × 106 HeLa
cells at 4 ◦ C for 2 H. The cells were washed twice with PBS,
and plated into 24-well plates containing complete DMEM prewarmed to 37 ◦ C and incubated at 37 ◦ C. At different time points
postinfection, equal aliquots of cells were collected and washed
with PBS, and cellular DNA was extracted using the DNeasy tissue kit (Qiagen, Hilden, Germany). Equal amounts of cellular
genomic DNA (determined spectrophotometrically at an optical
density of 260 nm) were used to quantitate viral cDNA intermediates containing sequences for either R-U3 or U5-gag, which
represents, respectively, minus strand-transfer DNA/early minus single-strand DNA and plus strand-transfer DNA. Two pairs
of primers were used: R-U3 forward, 5 CGGGACTGGGGAGTGGCGAGC; R-U3 reverse, 5 CAGAGTCACACAACAGACGGGC; U5-gag
forward, 5 TGTGTGCCCGTCTGTTGTGTGA; and U5-gag reverse,
5 GAGTCCTGCGTCGAGAGAGCT [61]. All analyses were done in
triplicate, with triplicate samples in each experiment. The statistical analyses employed column statistics and one-way analysis of variance. The lowest level of signiﬁcance was set at
P < 0.05.
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2.14. Quantiﬁcation of integrated viral DNA during
HIV-1 Infection
Hela-P4 cells transfected with scFv and infected with HIV-1 were
placed in the presence of 1 μM saquinavir, to limit viral replication to a single round, and harvested at 24 and 48 H postinfection. Samples were washed in PBS and treated with 500 units
of DNase I (Roche Diagnostics GmbH) for 1 H at 37 ◦ C, before
DNA extraction using a QIAamp blood DNA minikit (Qiagen).
The amount of integrated HIV-1 DNA was quantiﬁed by realtime PCR performed with the Light Cycler instrument (Roche
Diagnostics GmbH) as described previously [62]. Each sample
was analyzed in duplicate. Brieﬂy, integrated DNA was quantiﬁed using an Alu-LTR-based nested PCR procedure. In a ﬁrst
round of PCR, integrated HIV-1 sequences were ampliﬁed with
two outward facing Alu primers and a HIV-1 LTR-speciﬁc primer
(L-M667) containing a λ phage-speciﬁc sequence at the 5 -end
of the oligonucleotide. In a second round of PCR, we used speciﬁc primers for the λ sequence (λT) and the LTR region (AA5M)
(Brussel and Sonigo [62]). To eliminate the signal due to the
primer extension carried out by the L-M667 primer during the
ﬁrst round PCR, a control PCR assay was performed without Alu
primers. The signal of the nested PCR obtained in the absence of
Alu primers was subtracted from the integrated HIV-1 DNA signal. Copy numbers of total DNA two-LTR circles and integrated
DNA were determined in reference to standard curves prepared
by ampliﬁcation of cloned DNA with matching sequences [62].
Results were normalized by the number of cells and the amount
of cellular DNA quantiﬁed by PCR of the β-globin gene according
to the manufacturer’s instructions (Roche Diagnostics GmbH).

2.15. Generation of stable anti-IN–scFv–Jurkat cell
clones
pcDNA3.1-anti-IN–scFv plasmids were digested with SﬁI, and
the anti-IN–scFv genes were cloned between the two SﬁI sites
of pMX-KRAB8FPBS2puro, replacing the KRAB8FPBS2 zinc ﬁnger gene. pMX-anti-IN–scFv and pMD-G plasmids were cotransfected into the Gag-Pol-293 packaging cell line (Clontech) using
the standard calcium phosphate method. After 48 H of incubation, culture supernatants were used for transduction of Jurkat cells. After 2–3 weeks of selection in puromycin-containing
medium, stable anti-IN–scFv–Jurkat clones were isolated and
analyzed for expression of anti-IN–scFv by Western blot with
HRP-conjugated anti-HA mAb (Roche Diagnostics GmbH).

2.16. HIV-1 challenge of stable anti-IN–scFv–Jurkat
cell clones
Anti-IN–scFv–Jurkat clones were infected at MOIs of 0.1–0.5 for
6 H at 37 ◦ C, washed, and then cultured for up to 20 days. To
monitor infection, aliquots were taken from the cultures at the
indicated time points and p24 antigen in supernatant was determined using a HIV-1 p24 ELISA (Innovagen, Lund, Sweden).
Cellular proliferation and viability of infected cells were analyzed
using the tetrazolium salt WST-1 (Roche Diagnostics GmbH) according to the manufacturer’s protocol.
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3. Results
3.1. Selection of speciﬁc anti-IN antibody fragments
Two rabbits from the New Zealand white strain were immunized
and boosted four times with 200 μg of puriﬁed HIV-1 IN protein.
ELISA of the rabbit sera from both animals showed that the
immunization resulted in a strong immune response against
HIV-1 IN (data not shown). Rabbits were euthanized and bone
marrow and spleen were extracted for total RNA preparation
and cDNA synthesis. To generate the chimeric scFv library, speciﬁc oligonucleotide primers covering all known variable rabbit
antibody family sequences were used to amplify VH and VL
gene segments [55]. The puriﬁed products of variable regions
were assembled into scFv format by overlapping PCR as described in Materials and methods. The recombinant phagemid
pComb3X was transformed into E. coli ER2538 cells to yield
8.3 × 107 individual clones. The phage library displaying the
scFvs was then panned against immobilized HIV-1 IN protein
using a solid-phase assay as previously described [55]. From
the ﬁnal phage-display panning, 150 scFv phage clones were
randomly selected for ELISA and binding activity against HIV-1
IN was evaluated (data not shown). A total of 22 clones with
higher-than-background signal were isolated and sequenced.
Fourteen clones showed sequence variations in the frameworks and complementary determining regions (CDR) (data not
shown) and were chosen for further expression and binding
characterization.

3.2. Relative binding activity and speciﬁcity of
anti-IN antibody fragments
The 14 clones were expressed in the periplasm of the nonsuppressor E. coli strain TOP10F. After induction, cells were lysed
and the soluble fraction was subjected to immobilized metal
afﬁnity chromatography and anion exchange chromatography
as described in Materials and methods. All scFvs were highly
expressed in the form of soluble proteins and typical yields of
pure scFv (>95%) were in the range of 1 ± 0.5 mg/L of bacterial
culture. The relative binding activity and speciﬁcity of anti-IN–
scFvs were assessed by ELISA and Western blotting. As shown
in Fig. 1a, all anti-IN–scFv clones speciﬁcally bound to HIV-1 IN
protein. In contrast, no binding to IN protein was observed with
a scFv (clone BM10) that speciﬁcally recognizes the LANA1 from
Kaposi’s sarcoma–associated herpesvirus [54]. Moreover, the
anti-IN–scFvs did not bind to HIV-1 PR protein or BSA. To further
test binding speciﬁcity of scFv to IN protein, four scFv clones
with high binding activity to IN (clones 104, 135, 142, and 144)
and another that gave a weaker signal (clone 7) were evaluated
in immunoblotting assays. These ﬁve clones showed sequence
variations in the CDR (Fig. S1, Supporting Information). HIV-1 IN
and PR proteins were separated by SDS-PAGE and transferred to
nitrocellulose membranes. After blocking, proteins were probed
with puriﬁed anti-IN–scFvs and then with HRP conjugated antiHA mAb as a secondary antibody. As a control antibody, we
used the anti-LANA1 scFv (BM10). As shown in Fig. 1b, the antiIN–scFvs speciﬁcally recognized the 32 kDa HIV-1 IN protein.
Importantly, recombinant anti-IN–scFvs did not recognize HIV1 PR and no bands were detected using the scFv BM10. Thus,
ELISA and immunoblotting results showed that scFv clones 7,
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104, 135, 142, and 144 speciﬁcally recognize the HIV-1 IN protein,
and therefore, were chosen for further antibody characterization
and functional studies.

3.3. Mapping HIV-1 IN epitopes
The ﬁve selected anti-IN–scFvs apparently recognized a continuous epitope of IN because they reacted with denatured IN on
immunoblots (Fig. 1b) and ELISA (data not shown). To identify
the epitopes recognized by the different antibodies, we used
a set of 30 overlapping synthetic peptides (obtained from the
AIDS Research and Reference Reagent Program) covering the
entire IN molecule. Each peptide contained 20 residues, with
the ﬁrst 10 residues overlapping those found in the peptide
immediately preceding it in the primary IN sequence. Interactions between the scFvs and the synthetic IN peptides were
analyzed by ELISA as described in Materials and methods. To
control the quality of peptides and ELISA conditions for epitope
mapping, two polyclonal antibodies (AIDS Research and Reference Reagent Program) that speciﬁcally recognize residues
1–16 (Cat #756) and 276–288 in the IN protein (Cat #758) were
used. Results showed that both polyclonal antibodies specifically recognize the expected peptides of HIV-1 IN (Table 1),
thus conﬁrming the quality of peptides and its binding to the
ELISA plate. The background signal was low and no peptide
binding was observed with anti-LANA1 scFv (clone BM10) but
an unexpected pattern of peptide reactivity was observed for
all ﬁve anti-IN–scFvs. As shown in Table 1, each anti-IN–scFv
clone bound to peptide 4,338 (residues 126–145), peptide 4,343
(residues 176–195), and also to two downstream peptides 4,346
and 4,347 (residues 206–235). Because all anti-IN–scFvs bound
to three regions separated in the linear sequence of IN (shown
schematically in Fig. 2a), we were concerned that nonspeciﬁc
peptide binding was occurring. The ELISA epitope mapping was
repeated with a high-ionic-strength washing buffer (see Materials and methods). Under these conditions, a small decrease
in the relative antigen-binding activity was observed (data not
shown); nevertheless, the same peptide binding pattern was
maintained for all anti-IN–scFv clones. Therefore, we sought
to determine whether the three IN regions (residues 126–145,
176–195, and 206–235) were proximal in the folded IN structure forming a conformational epitope. Although the structure
of full-length HIV-1 IN protein has not been determined, a crystal
structure of the catalytic core and C-terminal region is available
[63]. The structure suggests that the three epitope regions are
very close and form a cavity (Fig. 2b). Therefore, to our knowledge, these scFvs constitute the ﬁrst set of anti-IN antibodies
that recognize and bind to epitope regions in both the catalytic
and C-terminal domains of IN.

3.4. Anti-IN antibody fragments strongly inhibit the
strand-transfer reaction
Integration of retroviral DNA into the host chromosomal DNA involves two chemical steps. The newly synthesized blunt-ended
viral DNA ﬁrst undergoes 3 -end processing. In this reaction,
two nucleotides are removed from each 3 -end. Next, the exposed hydroxyl groups attack a pair of phosphodiester bonds on
opposite strands of the target DNA to complete the
Biotechnology and Applied Biochemistry

Fig. 1. Relative binding activities and speciﬁcity of anti-IN–scFvs. (a) The relative binding of anti-IN–scFvs to 200 ng of HIV-1 IN,
PR, and BSA was evaluated by ELISA. The anti-LANA1 scFv (BM10) was used as a control antibody. Optical density at 405 nm
was measured. Shown are average values of three independent experiments. (b) The indicated amounts of puriﬁed HIV-1 IN
protein were separated by 15% SDS-PAGE and transferred to nitrocellulose membranes. For immunodetection, puriﬁed
anti-IN–scFv clones 7, 104, 135, 142, and 144 were used (20 μg/mL). HRP-conjugated anti-HA mAb was used as a secondary
antibody. HIV-1 PR at 800 nM was used to test anti-IN speciﬁcity and anti-LANA1 scFv (BM10) was used as a control antibody.
Molecular weight is indicated in kDa.
strand-transfer step. Both the 3 -end processing and DNA
strand-transfer activities of HIV-1 IN can be recapitulated in vitro
with DNA substrates that mimic the viral DNA ends. Therefore,
to interrogate the effects of our scFvs on the in vitro activities of IN, both 3 -end processing and strand-transfer assays
were performed in the presence of anti-IN–scFvs. As shown in
Fig. 3a, none of anti-IN–scFvs tested interfered with 3 -end processing reaction. Cleavage of the 21-bp oligonucleotide substrate was not inhibited even when anti-IN–scFvs were added to
IN at molar ratios of 4:1 (800 nM). To evaluate the effect of each
anti-IN–scFv in the strand-transfer reaction, we used a preprocessed DNA substrate. As shown in Fig. 3b, scFvs 104, 135, 142,
and 144 clearly inhibited the strand-transfer reaction as demonstrated by the decreases of half-site and full-site (concerted)
integration of the 32 P-labeled preprocessed DNA substrate into
the target DNA (pBR322). These four antibody fragments inhibited more than 50% of the IN activity when present in the reaction
at a twofold molar excess over IN (200 nM). At a higher concentration (400 nM), scFv-104 and scFv-142 inhibited the reactions
almost completely. On the other hand, scFv-7 had a weaker inNeutralization of HIV-1 IN protein by scFv intrabodies

hibitory effect, and scFv anti-LANA1 (BM10) had no detectable
effect on the strand-transfer activity of IN. The strand-transfer
reaction was also performed with a substrate that was not precut
(Fig. S2, Supporting Information) and similar inhibition results
were obtained with the preprocessed and blunt DNA. Therefore,
scFvs 104, 135, 142, and 144 selectively inhibited DNA strand
transfer.

3.5. HIV-1 replication is inhibited by anti-IN–scFv
intrabodies localized in cytoplasm and nucleus
After showing inhibition of HIV-1 IN activity in vitro, anti-IN–
scFv genes with and without a NLS were transferred into
pcDNA3.1/Zeo + . To evaluate the expression of anti-IN–scFv in
eukaryotic cells, 293T cells were transfected by a standard calcium phosphate method with each scFv plasmid. The data in
Fig. 4a demonstrate that all anti-IN–scFv clones were highly
expressed. Cellular localization in HeLa cells was determined using an immunoﬂuorescence assay. As shown in Fig. 4b, scFv-142
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Fig. 2. Schematic representation of HIV-1 IN and its interactions with anti-IN–scFvs. (a) Linear model of HIV-1 IN protein and the
domains recognized by anti-IN–scFv clones 7, 104, 135, 142, and 144. The IN enzyme is composed of the N-terminal domain
(NTD, aa 1–49), catalytic core domain (CCD, aa 50–212), and C-terminal domain (CTD, aa 213–288). The H and C residues within
the NTD are conserved among retrotransposon integrase proteins. The D and E residues in the CCD form the DDE motif. All
anti-IN–scFvs tested recognized and bound to residues 126–145 (peptide 4,338), residues 176–195 (peptide 4,343), and to the
upstream residues 206–235 (peptides 4,346 and 4,347). (b) Model of the crystal structure of HIV-1 catalytic and C-terminal
domains (PDB code 1EX4) [63] showing the epitopes recognized by the anti-IN–scFvs. The probable binding site of scFvs to
HIV-1 IN is indicated by a white arrow.

was expressed in the cytoplasm and scFv-142-NLS was found in
the nucleus of eukaryotic cells. The same expression pattern
was also observed for the other scFvs (data not shown). To
evaluate whether the expression of anti-IN–scFvs in either the
cytoplasm or nucleus inhibits HIV-1 replication, we performed a
one-step viral replication assay in HeLa CD4 LTR-β-Gal cells. The
results shown in Fig. 5 represent the percentage of viral replication events relative to the value obtained for HIV-1NL4-3 infection in control HeLa CD4 LTR-β-Gal cells (positive control, C + ).
Cytoplasmic or nuclear expression of anti-IN–scFv clones 104,
135, 142, and 144 resulted in more than 70% decrease in HIV1 replication compared with the control experiments without
scFv. On the other hand, scFv-7 expression was less effective
(less than a 20% decrease in replication). Expression of control anti-LANA1 scFv (BM10) with or without the NLS did not
inhibit HIV-1 replication. The biological activity of anti-IN–scFvs
correlated with relative binding activities of scFvs and extent of
strand-transfer inhibition.

3.6. Anti-IN–scFv intrabodies speciﬁcally inhibit
HIV-1 DNA integration
To assess whether anti-IN–scFvs speciﬁcally inhibit the integration step during HIV replication and have an effect on the integration process itself, viral cDNA intermediates and provirus integration were measured at different times postinfection. Brieﬂy,
a real-time ﬂuorescence-monitored PCR was ﬁrst used to monitor over a 24 H period postinfection the synthesis of viral cDNA
intermediates in Hela-P4 cells. These cells were transfected with
scFv plasmids and infected with HIV-1 in the presence of 1 μM
saquinavir, to limit viral replication to a single round. Speciﬁc
primers were used to measure viral cDNA intermediates containing sequences for either R-U3 or U5-gag, which represent
respectively the minus and plus strand-transfer DNA (see Material and methods). As shown in Figs. 6a and 6b, in the presence
of azidothymidine (control), R-U3 and U5-gag intermediate lev360

els were as expected low from 0 to 24 H. On the other hand, R-U3
and U5-gag intermediates peaked with all antibody constructs
between 8 and 12 H and decreased over time. This pattern was
similar to HIV-1 (positive control), which shows that expression
of anti-IN intrabodie had no signiﬁcant impact on viral cDNA intermediate synthesis. Then, to determine if anti-IN–scFvs were
able to speciﬁcally block the integration step itself during HIV
replication, the amount of integrated HIV-1 DNA was quantiﬁed
by real-time PCR in postinfected scFv transfected Hela-P4 cells
(see Material and methods). In the presence of scFv-BM10 and
scFv-7, viral integration was not inhibited (Fig. 6c). In contrast,
all other anti-IN constructs showed an effect between twofold
and eightfold less provirus than HIV-1 wild-type. In particular,
scFv 142 show the more pronounced effect compared with the
other constructs. Therefore, combining these results with data
of in vitro IN inhibition and neutralization of viral replication it
is possible to consider scFv 104, 135, 142, and 144 as authentic
IN inhibitors that owe their antiviral activity to inhibition of the
integration process in HIV-infected cells.

3.7. Jurkat cells stably expressing anti-IN
intrabodies are protected from HIV-1 replication
The experiments described above examined the biological activity of anti-IN–scFvs in a transient assay under conditions where
most virus transmission occurs by cell-to-cell spread. To determine whether anti-IN–scFv intrabodies inhibited IN function during several rounds of HIV-1 replication, we generated Jurkat cell
lines stably expressing scFv intrabodies. We transduced Jurkat
cells with retroviral vectors encoding anti-IN intrabodies and
anti-LANA1 (BM10) was used as a control. As shown in Fig. 7a,
Jurkat–scFv cell lines showed homogeneous and stable expression of intrabodies. To determine whether the intracellular expression of anti-IN–scFvs was able to prevent HIV-1 replication,
Jurkat–scFv cell lines were challenged with the HIV-1NL4-3 .
Infectivity assays were performed with MOIs of 0.1–0.5 to mimic
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Table 1
Epitope mapping of anti-IN–scFvs
Peptide #

Amino acid position

Amino acid sequence

7

104

135

ScFv#
142

144 BM10 756

IN anti serum
758

4324
4325
4326
4327
4328
4329
4330
4331
4332
4333
4334
4335
4336
4337

1–5
6–15
6–25
16–35
26–45
36–55
46–65
56–75
66–85
76–95
86–105
96–115
106–125
116–135

EQVDKLVSAGIRKVLFLDGI
IRKVLFLDGIDKAQDEHEKY
IRKVLFLDGIDKAQDEHEKY
HSNWRAAIASDFNLPPVVAKE
FNLPPVVAKEIVASCDKCQL
IVASCDKCQLKGEAMHGQVD
KGEAMHGQVDCSPGIWQLDC
CSPGIWQLDCTHLEGKYILV
THLEGKVILVAVHVASGYIE
AVHVASGYIEAEVIPAETGQ
AEVIPAETGQETAYFLLKLA
ETAYFLLKLAGRWPYKTIHT
GRWPVKTIHTDNGSNFTGAT
DNGSNFTGATVRAACWWAGI

−
−
−
−
−
−
−
−
−
−
−
−
−
−

−
−
−
−
−
−
−
−
−
−
−
−
−
−

−
−
−
−
−
−
−
−
−
−
−
−
−
−

−
−
−
−
−
−
−
−
−
−
−
−
−
−

−
−
−
−
−
−
−
−
−
−
−
−
−
−

−
−
−
−
−
−
−
−
−
−
−
−
−
−

+
+
+
−
−
−
−
−
−
−
−
−
−
−

−
−
−
−
−
−
−
−
−
−
−
−
−
−

4338

126–145

VRAACWWAGIKQEFGIPYNP

+

+

+

+

+

−

−

−

4339
4340
4341
4342

136–155
146–165
156–175
166–185

KQEFGIPYNPQSQGVVESMN
QSQGYYESMNKELKKIIGQY
KELKKIIGOY’RDQAEHLKTA
RDQAEHLKTAYQMAYFIHNF

−
−
−
−

−
−
−
−

−
−
−
−

−
−
−
−

−
−
−
−

−
−
−
−

−
−
−
−

−
−
−
−

4343

176–195

YOMAVFIHMFKRXGGIGGYS

+

+

+

+

+

−

−

−

4344
4345

186–205
196–215

KRKGGIGGYSAGERIVDIIA
AGERIVDIIATDIOTKELQK

−
−

−
−

−
−

−
−

−
−

−
−

−
−

−
−

4346
4347

206–225
216–235

TDIQTKELQKQITK1QNFRY
OITKIQNFRVYYRDSRNPLW

+
+

+
+

+
+

+
+

+
+

−
−

−
−

−
−

4348
4349
4350
4351
4352
4353

226–245
236–255
246–265
256–275
266–285
276–288

YYRDSRXPLWKGPAKLLWKG
KGPAKLLWKGEGAVVIQDNS
EGAVVIQDNSDIKVVPRRKA
DIKVVPRRKAKIIRDYGKQM
KIIRDYGKQMAGDDCVASRQ
AGDDCVASRQDED

−
−
−
−
−
−

−
−
−
−
−
−

−
−
−
−
−
−

−
−
−
−
−
−

−
−
−
−
−
−

−
−
−
−
−
−

−
−
−
−
−
−

−
−
−
−
+
+

To perform epitope mapping, puriﬁed anti-IN–scFv clones 7, 104, 135, 142, and 144 were tested for binding to a set of 30
overlapping synthetic peptides covering the entire HIV-1 IN protein sequence. CovaLink ELISA plates (Thermo Fisher
Scientiﬁc) were coated with 5 μg of each peptide and incubated overnight at 4 ◦ C. The plates were then blocked with BSA
and incubated with puriﬁed antibody fragments. After washing the wells with low-ionic-strength buffer or
high-ionic-strength buffer (see Materials and methods), HRP-conjugated anti-HA mAb was used for detection. The same
binding pattern was observed in both washing conditions. The anti-LANA1 scFv (BM10) was used as a control antibody.
Integrase antiserum #756 and #758 were used to control for quality of peptides and ELISA conditions. Black boxes highlight
the IN peptides bound by scFvs. The ( + ) symbol indicates binding and the (−) symbol means no binding.

natural infections. The infected cell cultures were maintained for
up to 20 days and infection was monitored at the indicated time
points by p24 antigen ELISA. As shown in Fig. 7b, parental Jurkat
cell lines supported vigorous replication of HIV-1 (positive control, C + ) that peaked at approximately day 2 and up to day 12. In
contrast, from days 2 to 18 postinfection, Jurkat–scFv-104, scFv135, scFv-142, and scFv-144 cell lines showed approximately
60%–80% inhibition of HIV-1 p24 antigen production compared
with the parental Jurkat cells. Anti-IN–scFv-7 demonstrated a
modest inhibitory effect and control anti-LANA1 scFv (BM10) did
Neutralization of HIV-1 IN protein by scFv intrabodies

not show an inhibitory effect on HIV-1 replication. In addition to
neutralization of IN by anti-IN–scFv in infected cells, it is possible that nonspeciﬁc incorporation of scFv in HIV-1 particles
might also affect virus replication by interfering with reverse
transcription. This hypothesis was tested by endogenous RT assays in viral particles produced from scFv-expressing cells. The
results showed that reverse transcription can be affected when
anti-IN–scFv is present in the viral particle (Fig. S3, Supporting
Information). Previous studies have shown that intracellular antibody expression has no effect on cell viability or proliferation
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Fig. 3. Effect of anti-IN–scFv binding on in vitro activities of HIV-1 IN. (a) IN (200 nM) was preincubated on ice with each scFv at
various scFv/IN molar ratios. Radioactively labeled oligonucleotide substrate was added, and the reactions were allowed to
proceed at 37 ◦ C. Each reaction mixture was subjected to electrophoresis in a 20% denaturating polyacrylamide gel. The
positions of the 21-bp oligonucleotide substrate (S) and the −2 cleavage product (P) are indicated. No inhibition of 3 -end
processing was observed with any of the anti-IN–scFvs. (b) Puriﬁed scFv was preincubated with 80 nM IN at various scFv/IN
molar ratios on ice. Radioactively labeled preprocessed DNA substrate and supercoiled target DNA (pBR322) were added and
incubated as described in Materials and methods. Each reaction mixture was subjected to electrophoresis in 0.8% agarose
gel. Half-site integration involves the insertion of one LTR end per target, and full-site integration involves the concerted
insertion of two LTR ends per target. The positions of the concerted integration product, the half-site product, and products
resulting from integration of viral DNA substrate into itself (Donor/Donor) are indicated. In both assays, anti-LANA1 scFv
(BM10) was used as a control antibody. Gels were dried, exposed to imaging plates, and visualized and quantiﬁed with a Fuji
BAS-2500 bio-imaging analyzer.
[52–54]. Nevertheless, we quantiﬁed cell proliferation and cell
viability of Jurkat–scFv cells. We observed that the kinetics of
WST-1 metabolism in Jurkat–scFv cells infected with HIV-1 were
similar to that of noninfected cell lines (data not shown). Therefore, the expression of anti-IN intrabodies did not result in cell
toxicity.

4. Discussion
Controlling HIV infection continues to be a major challenge
worldwide. Although the drug cocktails used in HAART have
markedly changed the proﬁle of progression to AIDS in HIVinfected individuals, drug failure continues to occur as a consequence of viral resistance and complications arising from a lifelong regimen of chemotherapy. The development of new modes
of inhibition is of paramount importance and has been the
focus of recent research efforts. Gene therapy has captured the
interest of a number of investigators as an attractive addition to
conventional pharmacologic therapies because the alteration
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of the host cell could potentially confer permanent suppression
of viral replication in infected individuals or could provide protection against viral infection. Nevertheless, the gene therapy
community is still coming to grips with the reality that although
a signiﬁcant body of basic science and animal modeling has
been compiled to indicate the possibility of gene transfer, an
efﬁcient and stable gene transfer has yet to be convincingly
demonstrated. Thus, in this work we bring a new approach
for sustained cell resistance to HIV-1 infection by developing
rabbit-derived scFv intrabodies to the HIV-1 IN protein. The IN
protein plays a crucial role in the early stages of HIV-1 infection
by catalyzing the integration of viral cDNA into a host chromosome. Therefore, scFv-based strategies directed against IN may
represent an effective approach to inhibit this crucial step of
the viral replication cycle. It is conceivable that a strategy of
gene therapy using intrabodies against IN may be applicable
to modify hematopoietic stem/progenitor cells (HSPCs) to express antiviral proteins. This strategy may provide the immune
system with enough HIV-resistant cells to vanquish the virus.
Recently, evidence has suggested that the modiﬁed HSPCs have
Biotechnology and Applied Biochemistry

Fig. 4. Expression and localization of anti-IN intrabodies in eukaryotic cells. (a) Anti-IN intrabody expression vectors were
transfected into 293T cells and after 48 H cells were lysed and cleared by centrifugation. Proteins were separated by 15%
SDS-PAGE and visualized by probing with HRP-conjugated anti-HA mAb. Mock lysates of 293T cells were used as controls.
Molecular weights are indicated in kDa. (b) Transfected HeLa cells expressing scFv-142 and scFv-142-NLS were stained with
rhodamine-conjugated anti-HA mAb. ScFv is shown in red (rhodamine). Immunoﬂuorescence microscopy was performed as
described in Materials and methods using the appropriate excitation and emission ﬁlters.

Fig. 5. Neutralization of IN function in one-cycle replication assay. Values represent the percentages of one cycle replication in
HeLa CD4 LTR-β-Gal cells relative to the value obtained for the wild-type virus. Cells were transfected with plasmids encoding
anti-IN antibody fragments as described in Materials and methods. The ability of anti-IN antibody fragments to inhibit a single
round of replication was measured by quantiﬁcation of the β-galactosidase activity in cell lysates using a colorimetric assay
based on the cleavage of CPRG by β-galactosidase as described in Materials and methods. Anti-LANA1 scFv (BM10) was used
as a control antibody. C + indicates HIV-1NL4-3 infection of control HeLa CD4 LTR-β-Gal cells; C− indicates uninfected HeLa
CD4 LTR-β-Gal cells. Optical density at 570 nm was measured and data represent mean ± SEM (n = 3).

given rise to cells of multiple lineages (e.g., T cells, B cells, and
macrophages) carrying the anti-HIV genes, albeit at very low
numbers [64],[65].
In the present study, we immunized rabbits with HIV-1 IN
and developed a combinatorial scFv phage library against IN.
Although the generation of rabbit mAbs by hybridoma technology has also been reported [66], the phage display approach with its inherent linkage of phenotype and genotype
provides ready access to antibody sequences and facilitates further in vitro optimizations, such as afﬁnity maturation or humanNeutralization of HIV-1 IN protein by scFv intrabodies

ization. Furthermore, combinatorial scFv libraries potentially allow display of the entire immunological record of an individual,
allowing the detection and recovery of any antibody ever made.
It was recently determined that combinatorial antibody libraries
may be a very good mimic of antibodies existing in the organism [67]. The libraries can be created from immune individuals,
biased for clones against the immunogen, or be as diverse as
possible, producing so-called naive libraries from which theoretically antibodies to any antigen may be isolated. The technology is so robust that isolation of the type of antibodies searched
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Fig. 6. Effect of scFv intrabodies on production of HIV-1 cDNA. (a and b) Cellular DNA was extracted at different time points
from HeLa-P4 cells transfected with scFv expression plasmids and infected with HIV-1. Viral cDNA intermediates were
monitored by real-time PCR, as described in Materials and methods. PCR primers used to detect the following DNA
intermediates are indicated: R-U5 (minus strand strong stop) and U5-gag (DNA made after plus strand transfer). The results
represent experiments performed three times. (c) Quantiﬁcation of integrated viral cDNA during HIV-1 infection. HeLa P4 cells
were transfected with scFv expressing plasmids and infected with HIV-1. At 24 and 48 H after infection cellular DNA was
extracted and subjected to Q-PCR analysis to quantify integrated proviral DNA. Error bars represent variations between
duplicate Q-PCR assays.

for most often is successful. For each antigen panned, speciﬁc
antibody clusters can be identiﬁed that explore multiple distinct
epitopes across their respective target’s surface. This indicates
that the display of antibody on phage in a scFv format does not
signiﬁcantly restrict the available diversity accessible to in vitro
panning, resulting in antibodies that are speciﬁc and potentially
different from those expressed naturally. Moreover, epitopes
that are invisible in rodents or humans might be immunogenic
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in rabbits and, therefore, be easily selected by combinatorial
rabbit-derived scFv libraries.
We were able to identify ﬁve scFv intrabodies that speciﬁcally recognize and bind HIV-1 IN protein. These scFvs bound to
two epitope regions in the catalytic domain (aa 126–145 and 176–
195) and to one upstream region in the C-terminal domain (aa
206–235) of IN protein. As recently published by Cherepanov’s
group [24], the IN structure of PFV was determined to be bound to
Biotechnology and Applied Biochemistry

Fig. 7. HIV-1 challenge of stable anti-IN–scFv–Jurkat cell clones. (a) Western blot of Jurkat cells stably expressing anti-IN–scFvs
and anti-LANA1 scFv (clone BM10). Lysates of Jurkat cells not expressing scFv were used as negative controls (mock). Loading
was controlled with anti-GAPDH antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). (b) Stable Jurkat cell clones
expressing anti-IN–scFv intrabodies were infected with HIV-1NL4-3 at a MOI of 0.1–0.5. The cultures were maintained for up to
20 days. To monitor infection, aliquots were taken at the indicated time points and p24 levels were determined by ELISA.
BM10 was used as a control antibody. C + indicates HIV-1NL4-3 infected cells; C− indicates uninfected cells. The data are
representative of two independent experiments.
DNA, revealing the organization of the retroviral intasome. Using
the described intasome structure, the scFv interacting epitopes
of HIV-1 IN seem to be arranged in proximity to an exposed region
of PFV IN. The scFvs described in this work differ substantially
from previous anti-IN antibodies that have been raised [40–48].
With the combinatorial scFv library, we were able to identify
a panel of new anti-IN–scFvs that can recognize epitopes not
easily accessible by conventional antibody molecules, such as
small pockets or canyons in the IN protein. Because our anti-IN
intrabodies bind to three regions in the IN protein, we may speculate that the development of HIV-1 escape mutants should be
minimized.
The anti-IN–scFvs inhibited the strand-transfer reaction
catalyzed by IN in vitro, whereas no effect was observed on the
3 -end processing reaction in vitro. Thus, the region of IN recognized by the scFvs must be essential to the strand transfer
but not to the 3 -end processing activity. The expression of antiIN–scFvs in eukaryotic cells showed that our intrabodies were
correctly folded and were efﬁciently delivered into the nucleus.
We showed that HIV replication was strongly inhibited in cells
transiently expressing anti-IN–scFv clones in either the cytoplasmic or nuclear compartments. These results, together with
quantiﬁcation of proviral integration, demonstrate that anti-IN–
scFv speciﬁcally neutralize the IN activity before integration.
Moreover, the stable expression of anti-IN intrabodies in Jurkat cells protects it from HIV-1 infection, indicating that
scFvs are capable of blocking the IN activity during multiple
rounds of infection. In addition, anti-IN–scFv might be nonspeciﬁcally incorporated in viral particles during viral replication and interfere with reverse transcription. Therefore,
the scFv strategy reported in this study can be used to
block early stages of viral replication, due to the capacNeutralization of HIV-1 IN protein by scFv intrabodies

ity of the scFvs to interfere with the establishment of a
provirus.
In summary, our data show that combinatorial rabbit scFv
phage libraries can be efﬁciently used to identify scFvs with
novel epitope binding characteristics. Moreover, our data provide proof-of-principle that rabbit anti-IN intrabodies can be
designed to block early stages of HIV-1 replication. Although
we may envision the use of rabbit anti-IN intrabodies as agents
for HIV-1 gene therapy, these antibodies can also be used to
deﬁne speciﬁc functional properties of IN and as tools to better
understand the structure HIV-1 IN.
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