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ABSTRACT OF THE DISSERTATION 

HIV-1 Intracellular Immunization via  

HIV-1 Derived Vector Delivered Genetic Mechanisms 

by 

Christina Heidi Swan 

Doctor of Philosophy in Molecular Pathology 

University of California, San Diego, 2006 

Professor Bruce E. Torbett, Chair 

 

Human immunodeficiency virus type 1 (HIV-1) targets CD4+ T-cells, 

macrophages, and dendritic cells.  In addition to the primary CD4 HIV-1 receptor, cell 

surface levels of the R5- and X4-tropic coreceptors, chemokine receptors CCR5 and 

CXCR4 respectively, orchestrate the success of HIV-1 entry.  Disruption of either the 

receptor or coreceptor would prevent viral entry and subsequent viral production.  

HIV-1 derived vector systems successfully delivered an intracellular single chain 

antibody (intrabody) and short hairpin RNA (shRNA) to disrupt coreceptor cell 

surface expression and explore viral entry pathogenesis.  Delivery of a CCR5 specific 

intrabody disrupted CCR5 expression and protected primary CD4+ T cells against free 

viral R5-tropic HIV-1 challenge.  In vivo expression of the CCR5 intrabody in 

NOD/SCID-hu thy/liv thymocytes also protected against an ex vivo R5-tropic 

infection.  Interestingly, due to the relatively higher expression levels of CXCR4, 



 

xx 

singly expressing a CXCR4 intrabody or short hairpin RNA did not efficiently disrupt 

CXCR4 levels to provide protection against X4-tropic HIV-1 entry.  However, when 

expressing both intrabody and shRNA from a combination HIV-1 vector, efficient 

knockdown of CXCR4 on CD4+ T cells was observed.  Although a percentage of 

CXCR4 combination vector CD4+ T cells were CXCR4 positive, the level of CXCR4 

available per cell was significantly reduced and was sufficient to protect against X4-

tropic HIV-1 entry.  In addition to free viral infection, the effect of these vectors 

during dendritic cell-mediated infection was examined.  A small percentage of CD4+ T 

cells expressing the CCR5 intrabody or CXCR4 combination vector exhibited a 

selective growth advantage and enriched during a robust dendritic cell-mediated HIV-

1 challenge.  In order to extend these protection strategies to non-human primate cells, 

it was necessary to modify the HIV-1 vector capsid to overcome species-specific post-

entry restriction barriers.  A quadruple capsid mutation (V86P/H87Q/I91V/M96I) was 

introduced which abrogated the species-specific block and permitted HIV-1 vector 

transduction of non-human primate cell lines and human cells.  Surprisingly, this 

mutation did not allow transduction in primary rhesus macaque CD4+ T cells.  

Optimization of anti-viral HIV-1 vector delivery strategies for future use in the rhesus 

macaque simian immunodeficiency virus (SIV) model will be beneficial to study HIV-

1 pathogenesis and therapy. 
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CHAPTER 1 

INTRODUCTION 
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HIV/AIDS EPIDEMIC 

Human Immunodeficiency Virus (HIV), the virus that causes Acquired 

Immunodeficiency Disorder (AIDS), rapidly became a global epidemic since it�s first 

diagnosis in 1981.2  A quarter century later, over 20 million people have died and 40 

million people are currently infected.3  HIV primarily targets CD4+ T cells, dendritic 

cells, and macrophage leading to an overall decline of CD4+ T helper cells and proper 

immune function.5,6  As disease progresses to AIDS, CD4+ T cell counts drop below 

200 CD4+ T cells/ml3 (healthy individuals have >1000 CD4+ T cells/ml3), resulting in 

a rise in opportunistic infections and pathology, ultimately leading to death.  However, 

with the advent of HIV therapeutic drugs, clinical management of HIV-1 infection is 

possible and has changed the course of a fatal disease to one that is now a chronic 

condition.7   

 

HIV CELL TARGETS AND PATHOGENESIS 

 CD4+ lymphocytes are the primary host cell for HIV-1.8  In 1986, the CD4 

receptor was discovered as the primary receptor for HIV-1.9,10  Ten years later, it was 

discovered that the HIV-1 envelope binds chemokine receptors CCR5 or CXCR4 in 

addition to CD4.11,12  Discovery of the primary HIV-1 receptor and coreceptors, shed 

light on HIV-1 pathogenesis and T cell depletion mechanisms. 

 CCR5 and CXCR4 are the relevant coreceptors for R5-tropic and X4-tropic 

HIV-1 variants, respectively.13  Expression patterns of these coreceptors dictate 

infection in certain tissues and lymphocyte subsets.14  For example, CD4 T 
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lymphocytes are abundant in gut associated lymphocytes, express high levels of 

CCR5, and are a primary target for R5-tropic HIV-1 infection.15  The thymus, 

abundant in CD4/CXCR4+ naïve lymphocytes, can readily become infected with X4-

tropic HIV-1 variants and cause thymic depletion and impairment.16 

HIV-1 infected CD4+ lymphocytes can produce up to 10 x 109 virions per day 

in an infected person and have a half life of 2.2 days.17  Furthermore, the rise in HIV-1 

viral RNA levels are directly proportional to the rate of disease progression.18  Direct 

and indirect methods have been associated with HIV-1 mediated T cell depletion, 

including, but not limited to apoptosis and cytolysis by natural cytotoxic T cell 

killing.19   

 

HIV-1 GENOMIC STRUCTURE AND LIFE CYCLE 

HIV type 1 (HIV-1) is a lentivirus within the retrovirus family.  The 9-kb RNA 

HIV-1 genome encodes the Gag, Pol, and Env proteins that are common to all 

retroviruses.  In short, the HIV-1 Gag and Env precursor proteins are cleaved into MA 

(matrix), CA (capsid), NC (nucleocapsid), p6, surface gp120, and transmembrane 

gp41 structural proteins to make up the core of the virion and viral envelope.  The 

HIV-1 Pol precursor protein is also cleaves into PR (protease), RT (reverse 

transcriptase), and IN (integrase) aid in essential enzymatic functions.  In addition, 

HIV-1 also encodes six accessory proteins, Vif, Vpr, Nef, Tat, Rev, and Vpu, which 

facilitate in enhancing viral infectivity, regulatory functions, and proper viral assembly 

(Figure 1.1).20   
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Figure 1.1: HIV-1 structure and genome.  Top � cross section of the HIV-1 virion.   
Bottom � HIV-1 genome encoding the nine viral proteins and six accessory proteins. 
 

 
The HIV-1 life cycle can be summarized in to ten steps as shown in Figure 1.2.  

HIV-1 attachment (step 1) is mediated via binding of the gp120 viral envelope 

glycoprotein to the host CD4 receptor21,22 followed by binding to the chemokine 

receptors CCR5 or CXCR4.  R5- and X4-tropic HIV-1 isolates utilize CCR5 or 

CXCR4, respectively, as coreceptor.12,23,24  Dual-tropic HIV-1 is able to use either 

CCR5 or CXCR4 as coreceptor.25,26  Once HIV-1 binds CD4 and coreceptor on the 

cell surface, a conformational change occurs within the viral envelope to expose the 

transmembrane gp41 envelope glycoprotein and membrane fusion occurs (step 2).27,28  
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Upon viral entry, HIV-1 undergoes a series of complex viral core uncoating steps, 

most of which remain largely unknown, to release the pre-integration complex (step 

3).  The newly formed pre-integration complex, composed of viral RNA, MA, Vpr, 

and IN, is transported across the nuclear envelope (step 4).  Viral RNA is then reverse 

transcribed into double stranded DNA by the viral enzyme RT (step 5).  Once 

completely reverse transcribed, the proviral DNA is integrated into the host cellular 

genome using HIV-1 IN (step 6).  Viral RNA expression is regulated from the HIV-1 

long terminal repeat (LTR) promoter and viral and cellular proteins (step 7).  Viral 

proteins and RNA undergo assembly (step 8) into immature viral particles that bud 

from the cell surface (step 9).  Once released, proteolytic processing via the viral 

enzyme PR promotes virus maturation (step 10), which is necessary to create an 

infectious virion.  

 

 

 

 

 

 

 

 

 

 

Figure 1.2: HIV-1 life cycle.  Steps 1-10 are described in the text. 
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VIRAL ENTRY 

Upon binding of HIV-1 Env gp120 to the CD4 receptor, a conformational 

change occurs within gp120 to reveal the binding site for the host coreceptor (Figure 

1.3).21,29  Residues within the N-terminus, extracellular loop 2 and 3 of CCR5 or 

CXCR4 are recognized by variable loop 3 (V3) in the HIV-1 gp120 envelope 

protein.30-32  It is suggested that recognition of the coreceptor N-terminus by gp120 is 

more important for binding whereas the extracellular loops may play a role in the 

conformational change of gp120.30,31,33 gp120 undergoes another conformational 

change after binding to the coreceptor to reveal the transmembrane gp41 fusion 

protein.  gp41 triggers membrane fusion by bringing the viral membrane in close 

proximity to the host cell membrane via a hydrophobic interaction and rearranging of 

the gp41 regions into a six helical bundle.27,28,34  

 

Figure 1.3: HIV-1 attachment and viral fusion. 
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In addition to directly infecting T cell lymphocytes, HIV-1 has utilized the 

high affinity binding of the HIV-1 gp120 envelope glycoprotein to dendritic cell (DC) 

receptor DC-SIGN [dendritic cell-specific ICAM-3 (intercellular adhesion molecule 

3)-grabbing nonintegrin].35 Upon exposure to HIV-1 in the mucosa, immature DC 

bind and transport HIV-1 to lymph nodes.  HIV-1 takes advantage of the close 

proximity and contact of the DC to CD4+ T cells to create an �infectious synapse� 

(Figure 1.4) allowing an efficient viral presentaion.35-37  DC mediated HIV-1 infection 

leads to a vigorous infection with an increase in viral kinetics and enhanced depletion 

of CD4+ T cells.37-39   

 

Figure 1.4: Dendritic cell-mediated HIV-1 infection.  Upon HIV-1 exposure to the 
mucosal epithelium, HIV-1 binds immature dendritic cells via a high affinity interaction
with DC-SIGN.  The immature DC migrates to lymphoid tissues where T cell/DC 
interactions form an infectious synapse leading to an efficient and productive HIV-1 
infection. 
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HIV-1 TREATMENT 

A number of therapeutic inhibitors have been developed to target HIV-1 during 

different stages of the viral life cycle.40  Currently, the therapy for HIV-1 infected 

individuals includes reverse transcriptase and protease inhibitors termed highly active 

antiretroviral therapy (HAART).  HAART has been shown to decrease viral load and 

increase CD4+ lymphocyte count,7 however, it has also revealed cellular reservoirs for 

HIV-1 within resting CD4+ T cells and semen making treatment difficult to fully 

eradicate HIV.41,42   

Furthermore, the genetic variation HIV-1 undergoes during reverse 

transcription is 3.4 x 10-5 mutations per base pair per cycle43 which aids in drug 

resistant mutations.  The spread of drug resistant viruses are increasingly leaving the 

patient with fewer treatment options.44  Therefore, the importance for developing 

alternative therapeutic methods for HIV-1 treatment is paramount.  Although many 

different therapeutic modalities to inhibit viral entry or control viral production from 

infected cells have been proposed, targeting the initial step of viral entry into T-cells is 

the most favored.45  By not allowing HIV-1 a portal for entry, T cells are provided 

with a survival advantage, reduction of viral load, and retention of the immune system 

and immune control.  
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TARGETING HIV-1 ENTRY 

A number of anti-viral strategies focus on preventing HIV-1 entry by targeting 

viral envelope proteins or host cell receptors.46  The HIV-1 co-receptor CCR5 stands 

out as an attractive target for therapy due to the fact that individuals with a 

homozygous 32bp deletion (∆32) in their CCR5 gene do not express cell surface 

CCR5, these individuals are resistant to R5-tropic HIV-1 infection, and do not appear 

to have overt immunological dysfunction.47  Furthermore, R5-tropic HIV-1 variants 

are associated with primary HIV-1 infection.48  About one-half of HIV-1 infected 

individuals experience a tropism switch to the more pathogenic X4-tropic variants 

during end stage of their disease.49  Therefore, individuals that are refractory to 

conventional anti-viral therapy have a significant risk for developing these HIV-1 

variants utilizing CXCR4.  CXCR4 expression is ubiquitous throughout many cells of 

the body, and is required for CD4+ T cell maturation.50,51  However, CXCR4 is a 

critical target for HIV-1 therapy when viral replication is not controlled. 

Our lab and collaborators have developed multiple genetic mechanisms to 

disrupt important genes involved with HIV-1 infection. Due to the high level of 

mutagenesis HIV-1 naturally undergoes and while under selective pressure, our 

primary focus was to target cellular genes instead of viral genes.40  To this end, a 

single-chain humanized polyclonal antibody fragment (intrabody) specific for the N-

terminus of the extracellular domain of human CCR5 or CXCR4 (Collaboration with 

Dr. Carlos Barbas, III - TSRI) was developed to reduce cell surface expression of the 

HIV-1 coreceptors (Figure 1.5a).1,4  The epitopes recognized by the CCR5 or CXCR4 
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intrabodies recognize a key peptide sequence on the N-terminus critical for gp120 

binding.25,30  Additionally, a Lys-Asp-Glu-Lev (KDEL) endoplasmic reticulum (ER) 

signal was added to the C-terminus of each intrabody in order to sequester 

CCR5/CXCR4 during expression or during the endocytic recycling pathway through 

the ER.  Figure 1.4a displays the CCR5 intrabody model during HIV-1 infection.  In 

addition to intrabodies, we have used short hairpin RNA (shRNA) to target CXCR4 

(Figure 1.5b).52  RNA interference (RNAi) has become a powerful tool for silencing 

gene expression in mammalian cells.  In short, degradation of specific cellular 

messages are mediated by a process that involves cleavage of the shRNA into 

functional small interfering RNA (siRNA) by the Rnase III enzyme DICER.  siRNA is 

incorporated into the RNA-induced silencing complex (RISC).  Formation of the 

siRNA/RISC complex leads to further endonucleolytic cleavage and degradation of 

the complimentary specific message.   
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Figure 1.5b: RNA interference via short interfering RNA (siRNA).  Gene specific silencing 
is mediated through artificial siRNA.  Short hairpin RNA (shRNA) is cleaved and processed
by an Rnase III enzyme DICER into functional siRNA.  siRNA assembles into the RNA 
induced silencing complex (RISC).  The active RISC complex is directed by the antisense
siRNA strand to the complementary genomic mRNA to undergo sequence specific
endonucleolytic cleavage.   

Figure 1.5a:  Humanized CCR5/CXCR4 intrabody. Left- Schematic of intrabody structure. 
The CCR5 and CXCR4 specific Fab were isolated from an immunized rabbit via phage display.
PCR products were assembled and purified to create intrabody with the peptide linker and KDEL
endoplasmic reticulum retention signal.1  The intrabody was humanized as described in 
Steinberger, et al.4  Right- Model of intrabody function during HIV-1 infection.  The CCR5 
specific intrabody sequesters CCR5 within the endoplasmic reticulum, thereby preventing cell
surface expression.  Upon HIV-1 challenge, HIV-1 cannot gain viral entry due to lack of co-
receptor binding. 

a. 

b. 
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HIV-1 LENTIVIRAL GENE DELIVERY 

Paramount to these therapeutic approaches is the necessity to deliver these 

genetic mechanisms stably into primary T cells, macrophages, and CD34+ 

hematopoietic stem cells.  We have utilized what is known for viral and transcriptional 

regulation to create an HIV-1 vector to efficiently deliver genes into HIV-1 target 

cells.  In comparison to other gene delivery vectors such as oncoretroviral vectors, 

HIV-1 derived vectors maintain the capacity to stably integrate genes into non-

dividing cells.53  This novel vector is shown in Figure 1.6.  Our HIV-1 vector system 

is further enhanced for both safety and the gene of interest expression.  In short, the 

use of three packaging plasmids in combination with the transfer vector for human 

kidney 293T cell line transient transfection virus production helps prevent 

recombination.53  The packaging plasmids provide HIV-1 gag and pol genes for proper  

vector assembly and maturation.  The HIV-1 Rev plasmid binds to the Rev response 

element (RRE) which lies upstream of the internal promoter and aids in targeting the 

vector mRNA to the nuclear export machinery.  Pseudotyping the HIV-1 envelope 

with vesicular stomatitis virus glycoprotein (VSVG) permits ultracentrifugation to 

produce high concentrations of vector (~109 transducing units (TU)/ml) and enable 

high levels of transduction into primary cells since VSVG binds unknown lipid 

moieties found on a wide variety of cells.54 

The 3� LTR on the transfer plasmid is transcriptionally inactive due to a 133 bp 

deletion of the basal and enhancer elements in the U3 region.  Once reverse 
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transcribed, this produces a self-inactivating long terminal repeat (SIN LTR) that is no 

longer capable of regulating transcription from the 5� U3.  Therefore, the Psi 

packaging signal (ψ) will not be expressed and the integrated vectors are less likely to 

be mobilized after integration.55  Transcription of the transgene occurs from an 

internal promoter and transgene expression has been enhanced with the addition of the 

scaffold attachment region (SAR) to help prevent gene silencing, the polypurine tract-

central terminating sequence (PPT/CTS) to aid in nuclear import and integration, and 

the woodchuck post-translational regulatory element (WPRE) to provide RNA 

stability and increase gene expression.56-58 

 

Figure 1.6: HIV-1 derived vector system.  Virion particles are produced by 293T 
following transient transfection of the lentiviral vector and gag/pol, Rev, and VSVG
transfer plasmids.  Viral supernatant is harvested and concentrated 1000X via
ultracentrifugation.  Viral titer is based on 293T transduction to determine transducing 
units (TU)/ml, and titers range between 108-109 TU/ml.  Vector elements are as follows: 
MND: myeloproliferative sarcoma virus LTR-negative control region deleted; cPPT-CTS 
polypurine tract � central terminating sequence; cIRES: cellular internal ribosomal entry 
site; tNGFR: truncated human nerve growth factor receptor; SAR: IFN-�-scaffold 
attachment region; and WPRE: woodchuck hepatitis virus post transcriptional regulatory 
element.  ∆: denotes 133 bp LTR deletion. 
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IN VIVO HIV-1 ANIMAL MODELS 

Although much advancement has been made with regards to HIV-1 gene 

therapy, little has been done in an in vivo system.  To test our CCR5 intrabody HIV-1 

vector, I have utilized the NOD/SCID-hu thy/liv mouse model.59,60  The non-obese 

diabetic severely combined immunodeficient C.B.-17 scid/scid (NOD/SCID) mouse 

lacks functional T- and B-cells and accepts human xenografts without rejection.61  

Implanting human fetal liver-thymus-liver sections under the kidney capsule creates a 

thymic microenvironment.59,60  The human thymus produced can last up to twelve 

months post-transplant and is functional for human T-cell lymphopoiesis.59,60  In 

addition to the NOD/SCID-hu thy/liv model, the rhesus macaque simian 

immunodeficiency model (SIV) provides an excellent comparison to HIV-1 infection 

in humans.62,63  Similar to humans, viral load can be quantified and infection in rhesus 

macaques leads to CD4 lymphocyte depletion and opportunistic infection.64 

 

SPECIES SPECIFIC POST-ENTRY RESTRICTION BARRIERS 

A limiting factor in testing HIV-1 derived vector systems in rhesus macaques 

has been the post-entry restriction barrier placed on the incoming viral capsid.65,66  A 

proline rich region of the HIV-1 capsid (CA) protein constitutes the cyclophilin A 

(CypA) binding site, and incorporation of CypA has proven to be required for the 

early post-entry steps of HIV infection in humans.67-69  If CypA incorporation into CA 

is abrogated by the immunosuppressive drug cyclosporine A (CsA), or if the CypA 

binding site is mutated within CA, HIV-1 infection is blocked at the post-entry step, 
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pre-reverse transcription.70,71  It is thought CypA incorporation blocks host cell 

restriction factors or perhaps aids in binding other enhancing factors to allow for 

proper capsid uncoating and lentiviral infectivity during infection in human cells.  

Interestingly, the CypA-CA interaction during HIV-1 infection in owl monkey kidney 

(OMK) cells leads to a block in infectivity, and this block is reversed when CsA is 

introduced.72,73  Additionally, mutations within the CypA binding region of HIV-1 CA 

resulted in a 100-fold infectivity of Owl Monkey Kidney (OMK) cells.74  Although 

much about the HIV-1 CA and endogenous protein interactions in non-human primate 

cells remains unknown, CypA incorporation has a critical importance in the regulation 

of viral entry. 

A recent study by Chatterji et al. selected for HIV-1 isolates which are 

independent of CypA incorporation while using a non-immunosuppressive CsA 

analog, Debio 25.75  Sequence analysis on these viruses showed capsid amino acid 

substitutions at the CypA binding site.  Particularly, the V86P/H87Q/I91V/M96I 

capsid substitution allowed for greater levels of HIV-1 infection in human cells and, 

importantly, rendered HIV-1 capable of infecting OMK cells. 

In order to test how well the CypA independent capsid would work in our 

HIV-1 vector system, we formed a collaboration with the Gallay laboratory at TSRI, 

and I cloned the quadruple V86P/H87Q/I91V/M96I capsid substitution into our 

gag/pol packaging construct.  Significantly, incorporation of this quadruple capsid 

mutation allowed HIV-1 derived vectors to efficiently transduce both human and non-

human primate cell lines.  This dissertation and findings has allowed greater insight 
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future experiments to test HIV-1 pathogenesis and the efficacy of the CCR5/CXCR4 

intrabody and siRNA in the rhesus macaque model. 

 

 

GENERAL OVERVIEW 

Chapter 2 describes the development and use of the CCR5 intrabody HIV-1 

vector system in PM1 T cells, primary T cells, and in the NOD/SCID-hu thy/liv mouse 

model.  Chapter 3 presents the establishment and protective use of a unique HIV-1 

vector system expressing both shRNA and an intrabody specific for CXCR4.  Chapter 

4 represents the preliminary data of the V86P/H87Q/I91V/M96I capsid substitution in 

our HIV-1 vector system and the results from primary human and non-human primate 

cell lines and primary cells.  Overall conclusions and future directions are described in 

Chapter 5. 
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PREFACE 

 

  Chapter 2 continues the work begun by Bernd Büehler, a former post doctoral 

fellow in our lab.  In 2000, Steinberger et al.,16 described the construction of a 

humanized CCR5 intrabody and its functionality to disrupt CCR5 cell surface 

expression and protect against HIV-1 entry.  Co-transfection of the CCR5 intrabody, 

CD4, and either human or rhesus macaque CCR5 into 293T cells led to a decrease in 

human and rhesus macaque CCR5 cell surface expression.  Additionally, PM1 T cells 

expressing the human CCR5 intrabody remained protected against R5-tropic HIV-1 

challenge. 

In order to achieve stable expression of the CCR5 intrabody within primary 

human CD4+ T cells and hematopoietic stem cells, the CCR5 intrabody was cloned 

into an HIV-1 derived vector.  Chapter 2 is the submitted manuscript describing the 

use of the CCR5 intrabody HIV-1 vector within the human PM1 T cell line and 

primary human T cells, including the NOD/SCID-hu thy/liv mouse ex vivo 

experiments. 
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SUMMARY 

 

The chemokine receptor CCR5 is the co-receptor for R5-tropic HIV-1, the 

viral tropism of HIV-1 most often associated with primary infection.  To specifically 

disrupt CCR5 expression we have developed and previously demonstrated that an 

intracellularly expressed single-chain antibody (intrabody) targeting CCR5 disrupts 

cell surface expression and provides protection from HIV-1 challenge in a T cell line.  

To provide delivery and expression of the CCR5 intrabody in primary hematopoietic 

and CD4+ T cells, we have developed a novel HIV-1 self-inactivating (SIN) vector, 

CAD-R5.  When CCR5 intrabody genes were delivered to either CD4+ T cell lines or 

primary T cells and then challenged with R5-tropic isolates, we found both protection 

and 70% enrichment of the CCR5 intrabody expressing cells over time.  Furthermore, 

CAD-R5 intrabody expression in CD4+ T cells promotes protection and allows 

enrichment during HIV-1 pulsed dendritic cell � T cell interaction indicating that 

CCR5 intrabody expressing cells are refractory against this highly efficient primary 

route of viral infection.  CD34+ cells transduced with the CAD-R5 vector gave rise to 

CD4+ and CD8+ thymocytes when transplanted to irradiated NOD/SCID-hu thy/liv 

mice suggesting that CCR5 intrabody expression can be maintained throughout 

differentiation without obvious cellular effects.  Moreover, CD4+ T cells isolated from 

NOD/SCID-hu thy/liv mice were resistant to ex vivo R5-tropic HIV-1 challenge 

demonstrating maintenance of protection.  Our findings demonstrate delivery of anti-

HIV-1 activity through CCR5 intrabodies in primary CD4+ T cells and CD34+ cell 
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derived T cell progeny.  Thus, gene delivery strategies that provide a selective survival 

and growth advantage for T effector cells may provide a therapeutic benefit for HIV-1 

infected individuals that have failed conventional therapies. 
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INTRODUCTION 

 

A multiplicity of chemokine co-receptors have been shown to facilitate HIV-1 

entry in tissue culture, however only CCR5 and CXCR4 have been convincingly 

demonstrated to be the relevant chemokine receptors in man.1-4  Although viral 

isolates utilizing CCR5 and CXCR4 for entry potentially could be transmitted from 

individual to individual, it appears that CCR5 using HIV-1 species are the 

predominant viruses transmitted.5,6 Moreover, susceptibility to viral infection and 

disease progression are correlated to cell surface CCR5 levels.  For example, 

individuals with a 32 base pair homozygous deletion in their CCR5 gene (∆32) lack 

functional CCR5 expression and are protected against infection.7-10  Individuals 

heterozygous for the ∆32 mutation have reduced levels of CCR5 and are delayed in 

their progression to AIDS by 1-2 years.8  Additionally, mutations in the CCR5 

promoter, such as the 59029 G/A polymorphism, reduce activity by 45% and also 

delay progression to AIDS by about 4 years.11,12  Finally, disruption of CCR5 

expression does not appear to be critical for normal cell function, since individuals 

with these naturally occurring polymorphisms do not seem to be associated with any 

detrimental phenotype (see O�Brien and Moore for review4).  Therefore, intervention 

strategies aimed at altering CCR5 expression may be beneficial for cellular protection 

against HIV-1 infection and provide a clinical benefit.   

Specific targeting of chemokine receptors utilizing intrakines, RNA 

interference (RNAi), intrabodies, or ribozymes by vector delivery have proved 
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effective in tissue culture.13-16  However, these viral entry disruption strategies have 

shown varying levels of protection when the viral challenge dose is increased, thus 

providing the caution that therapeutic efficacy may be breached by high viral loads.17-

19  Recent studies have indicated that HIV-1 may be more effectively transmitted 

during antigen presentation between CD4+ T cells and HIV-1 exposed or infected 

dendritic cells, termed an infectious immunological synapse, thus providing a means 

for increased local viral levels.20-24  Since it may be impossible to protect all 

susceptible cells in an individual through gene delivery, the delivered protection must 

function to allow a limited number of primary T cells to survive, enrich, and function 

in the face of a robust, widespread HIV-1 infection mediated via free virus and cell-to-

cell interaction.  

Herein, we examined whether the HIV-1 derived self-inactivating (SIN) 

vector, CAD-R5, can deliver CCR5 intrabody genes to primary T and CD34+ 

hematopoietic cells and whether the resulting intrabody expression in CD4+ T cells 

promoted a survival and growth advantage during HIV-1 challenge.  The CCR5 

intrabody is specific for the N-terminal extracellular domain of CCR5 and engineered 

with the KDEL endoplasmic reticulum retention signal.16,25   We determined that 

expression of the CCR5 intrabody from the CAD-R5 vector resulted in almost 

complete disruption of CCR5 cell surface expression and protected both T cell lines 

and primary CD4+ T cells from robust infection with free R5-tropic viruses.  

Furthermore, intrabody expressing CD4+ T cells, obtained from non-obese diabetic / 

severely combined immunodeficient (NOD/SCID)-hu thy/liv mice transplanted with 
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CAD-R5 transduced CD34+ cells, were protected from high-titer R5-tropic HIV-1 

challenge in tissue culture.  Most importantly, intrabody-expressing primary CD4+ T 

cells have a selective survival and growth advantage during dendritic cell mediated 

viral challenge.  
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RESULTS  

 

CCR5 Intrabody Mediated Disruption of CCR5 Cell Surface Expression in THP-

1 and Primary CD4+ T cells.  In our previous report we demonstrated that a PM1 T 

cell line expressing moderate levels of CCR5 intrabody from cells with multiple 

transgenes was protected from R5-tropic HIV-1 challenge generated by repeated 

transductions and drug selection.16  If cellular modifications of chemokine receptors 

by gene delivery are to be effective for abrogating HIV-1 entry in primary CD4+ T 

cells, CCR5 intrabodies must function effectively when expressed from the gene 

delivery vehicle of choice at low vector copy number.  To determine whether CCR5 

intrabodies can provide protection to leukocytes, lentiviral vectors were developed that 

expressed the CCR5 intrabody gene, CAD-R5, and a control vector, CAD, which did 

not include the CCR5 intrabody gene (Figure 2.1a).  To determine the efficacy of the 

CAD-R5 vector to alter CCR5 expression we first evaluated CAD-R5 vector function 

in the THP-1 monocytic cell line which is known to express CCR5 at moderate to high 

levels on the cell surface (Figure 2.1b).26  THP-1 cells were transduced at a low 

multiplicity of infection (MOI = 1) to obtain a low vector copy number per cell.  Two 

weeks after transduction the mean fluorescence intensity (MFI) for CCR5 expression 

in the THP-1 CAD-R5 cell was decreased from a MFI of 27 to 6, an expression level 

similar to background levels obtained from the irrelevant (non-CCR5) isotype control 

antibody.  These findings show that CCR5 intrabody gene expression from a lentiviral 

vector decreases both the percentage of CCR5 positive cells, as well as the overall 



 

 

31

amount of CCR5 available on the surface of each cell.  Lastly, this was a specific 

effect since CXCR4 (the X4-tropic HIV-1 co-receptor) expression levels were not 

altered in the CAD-R5 stable line (data not shown).   

Next, we evaluated whether CCR5 intrabody gene expression from the CAD-

R5 vector would extinguish CCR5 expression on the cell surface of primary CD4+ T 

cells.  CD4+ T cells were transduced with CAD or CAD-R5 vectors, rested, and 

reactivated to obtain maximum CCR5 expression levels.27,28  Consistent with our 

findings in THP-1 cells CCR5 expression levels in CAD-R5 vector transduced 

primary CD4+ T cells shifted from a MFI of 34 in the original or control CAD vector 

transduced cells to background MFI levels of 8, an expression level similar to 

background levels obtained from the irrelevant (non-CCR5) isotype control antibody 

(Figure 2.1c).  When taken together these results are consistent with the interpretation 

that the CAD-R5 vector significantly reduces CCR5 cell surface levels in primary 

CD4+ T cells. 
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Figure 2.1:  CCR5 intrabody gene delivery to a monocyte cell line and primary CD4+ T cells 
reduces expression of CCR5. a) The CAD-R5 HIV-1 self-inactivating (SIN) vector was used for 
CCR5-intrabody gene delivery.  Vector elements are as follows: MND: myeloproliferative sarcoma 
virus LTR-negative control region deleted; cPPT-CTS polypurine tract � central terminating sequence; 
cIRES: cellular internal ribosomal entry site; tNGFR: truncated human nerve growth factor receptor; 
SAR: IFN-�-scaffold attachment region; and WPRE: woodchuck hepatitis virus post transcriptional 
regulatory element.  CAD vector does not contain the CCR5 intrabody gene.  b) The CAD-R5 vector 
decreases CCR5 expression 9.8-fold, as compared to CAD, when expressed in the myelomonocytic cell 
line, THP-1.  THP-1 cells were transduced with CAD-R5 (thick line) or CAD (thin line) vectors, 
tNGFR+ cells were isolated, and 14 days later were evaluated by flow cytometry for relative CCR5 
expression (see Materials and Methods).  Isotype control, no CCR5 antibody, analysis is shown as a 
dashed line and mock transduced as a dotted line (Mock � 100% CCR5+, MFI=27; CAD � 95% CCR5+, 
MFI=27; CAD-R5 � 9.7% CCR5+, MFI=6).  c) Primary CD4+ T cells transduced with the CAD-R5 
vector (thick line) demonstrated a 4-fold reduction in CCR5 mean fluorescence intensity (MFI=8) as 
compared to the CAD vector (thin line, MFI=34) and untransduced CD4+ T cells.  Non-transduced 
control T cells are shown as a dashed line.  Cells were analyzed by flow cytometry for CCR5 
expression 10-days post-transduction. 
 

CCR5 Intrabody Expressing T cell lines and Primary CD4+ T cells Are Resistant 

to R5-tropic HIV-1 Challenge.  To determine if the CAD-R5 vector provided 

protection from R5-tropic HIV-1 challenge, PM1 T cell lines were established by 

selection of tNGFR reporter expressing CAD and CAD-R5 vector transduced cells.  

The PM1 CAD and PM1 CAD-R5 lines, more than 99% positive for the tNGFR, were 

challenged with 1% irradiated R5-tropic NFN-SX-r-HSAS reporter infected PM1.1 
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cells.  The NFN-SX-r-HSAS reporter virus expresses cell surface mouse HSA 

(mHSA) upon productive infection allowing real time flow cytometry analysis of 

infected cells.  To evaluate non-specific protective effects of intrabody expression, the 

PM1 CAD and CAD-R5 lines were infected with the X4-tropic NL-r-HSAS mHSA 

expressing reporter virus at an MOI of 0.1.  Figure 2.2a represents the flow cytometry 

analysis 6 days after infection of the NFN-SX-r-HSAS reporter virus.  The 

productively infected parental PM1 line and CAD lines were readily identifiable as 

demonstrated by the right-shift of mHSA positive cells.  In contrast, the PM1 CAD-R5 

line remained mHSA negative during challenge with chronically infected R5-tropic 

PM1.1 cells.  Importantly, the PM1 parental, CAD, and CAD-R5 cell lines were 

mHSA positive following X4-tropic NFN-r-HSAS infection, thereby demonstrating 

the specificity of the intrabody for regulating CCR5 and R5-tropic infection and the 

absence of non-specific HIV-1 blocking effects from CCR5 intrabody expression. 

Given the higher amounts of CCR5 present on primary CD4+ T cells than PM1 

T cells, we next evaluated whether CAD-R5 vector transduction and CCR5 intrabody 

expression provided protection from R5-tropic SF-162 viral challenge.  Primary CD4+ 

T cells were transduced with the CAD or the CAD-R5 vector, enriched for tNGFR 

expression, cultured, reactivated after resting, and then challenged with SF-162 at a 

MOI of 1 (~35 ng of p24).  Culture supernatants were collected for p24 analysis on 

various days post-infection to determine HIV-1 production.  The p24 results from two 

out of three representative experiments demonstrate that the CAD-R5 transduced T 

cells are resistant to HIV-1 infection and display a 50-60-fold reduction (1.5 log) of 
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p24 as compared to the CAD vector and untransduced infected controls (Figure 2.2b).  

The second experiment shown included untransduced control cells to confirm that 

cells transduced with the CAD vector were able to obtain similar levels of HIV-1 

infection as non-transduced cells.  Together, the findings from the PM1 and primary 

CD4+ T cell HIV-1 challenge studies demonstrate the therapeutic efficacy of CAD-R5 

delivery and CCR5 intrabody mediated protection. 

 

NOD/SCID-human Thymus/Liver Reconstitution with CAD-R5 transduced 

CD34+ cells.  Our findings demonstrated consistent CCR5 intrabody expression in cell 

lines and primary CD4+ T cells.  To evaluate whether CAD-R5 vector transduced 

CD34+ cells could give rise to T cells expressing functional CCR5 intrabody we 

utilized the NOD/SCID-human thymus/liver (NOD/SCID-hu thy/liv) mouse model.29-

31  NOD/SCID mice were implanted with human fetal liver-thymus-liver sections 

under the kidney capsule to establish a co-joined human fetal liver and thymus.  

Human CD34+ progenitor cells were isolated from HLA mismatched fetal liver cells 

and transduced with CAD or CAD-R5 vector (two consecutive transductions at MOI 

of 25).  Two months post establishment of the NOD/SCID-hu thy/liv mice, all mice 

were sub-lethally irradiated to reduce human endogenous cells in the thy/liv graft, and 

the next day 2.5 x 105 transduced CD34+ cells (>70% NGFR positive) were directly 

injected into the graft.  Six weeks post reconstitution the thy/liv grafts were harvested 

and analyzed for human thymocyte development.  Table 2.1 shows the human CD4+ 

and CD8+ T cell flow cytometry profile for all three experimental groups (mock 



 

 

35

      

Figure 2.2: CCR5 intrabody expressing cells are protected against R5-tropic, but not X4-tropic 
HIV-1 infection.  a) PM1 CD4+ T cells transduced with the CAD-R5 vector are resistant to CCR5 
tropic HIV-1 infection.  PM1 T cells were transduced with the CAD-R5 or CAD vectors. After 14 days 
of culture, tNGFR+ cells were isolated, and then co-cultured with irradiated PM1.1 T cells (1% of total 
cells) expressing the R5-tropic reporter virus, NFN-SX-r-HSAS, or infected with a X4-tropic reporter 
virus (0.1 MOI), NL-r-HSAS, both viruses express the mouse heat-stable antigen (mHSA) upon 
productive infection.  Parental, non-transduced PM1 T cells served as a positive control for 
susceptibility to virus.  Six days after exposure to the reporter viruses, infected PM1 CAD-R5- and 
CAD-transduced cells and parental PM1 cells were assessed by flow cytometry for mHSA expression.  
Top panel, uninfected; middle panel, PM1 T cells exposed to R5-tropic NFN-SX-r-HSAS infected PM1 
T cells; bottom panel, PM1 T cells infected with X4-tropic NL-r-HSAS.  As can be seen, only the 
CAD-R5 vector transduced cells remained viral negative during R5-tropic HIV-1 challenge throughout 
the 6-day study.  b) CAD-R5 vector transduced primary CD4+ T cells are refractory to CCR5 tropic 
HIV-1 infection.  Primary CD4+ T cells were transduced with the CAD or CAD-R5 vector and tNGFR+ 
cells were isolated for viral challenge studies.  CD4+ T cells were infected with the R5-tropic SF-162 
HIV (MOI 1) and viral replication was determined at the times indicated by p24 evaluation.  CCR5-
intrabody expressing CD4+ T cells showed 50 to 60-fold less virus as compared to the CAD vector 
expressing CD4+ T cells.  Two results are shown from three representative experiments. 
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transduced, CAD, and CAD-R5).  All three groups displayed similar T cell staining 

patterns with a majority of the cells being CD4+/CD8+ and a small percentage of CD4+ 

and CD8+ single positive cells, suggesting transduction, vector integration, CCR5 

intrabody expression, and/or CCR5 cell surface expression disruption did not have an 

overt affect on thymocyte development.  Moreover, thymocytes from the CAD and 

CAD-R5 NOD/SCID-hu thy/liv mice (n = 2) were also positive for tNGFR reporter 

gene expression and both displayed significant levels of tNGFR expression (15-32%). 

 

CCR5 Intrabody Mediated Protection from R5-tropic HIV-1 in Primary 

Thymocytes.  Since R5-tropic viral isolates are known to not replicate to high levels 

and cause pathology in SCID-hu thy/liv mice32 we utilized a tissue culture assay for 

evaluating CCR5 intrabody mediated protection.  To functionally mimic an in vivo 

setting where not all CD4+ T cells are protected during a viral infection, a mixture of 

unprotected (non-transduced) and CCR5 intrabody gene positive CD4+ T cells was 

used.  We reasoned if CCR5 intrabody protection was evident, then viral replication 

and spread might be predicted to be curtailed in cultures containing CCR5 intrabody 

expressing cells given the reduced number of susceptible targets as compared to 

cultures containing non-transduced or CAD, vector control, transduced T cells.  Viral 

challenge and evaluation, cultures were established with CD4+ T cells obtained from 

thymi of control (mock transduced), CAD, and CAD-R5 NOD/SCID-hu thy/liv mice.  

The CD4+ T cell CAD and CAD-R5 cultures were a mixture of 80% tNGFR+ cells and 
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20% non-transduced cells obtained from the immunomagnetic column flow through.  

All cultures were activated for 3 days, exposed to the R5-tropic SF-162 HIV-1 (MOI 

1) for 6 hours on day 3, washed and re-cultured.  Viral replication over time was 

evaluated by collecting tissue culture supernatants on various days for p24 level 

determination.   

 

In our viral challenge assays differences were evident in the amount and 

duration of viral replication in cultures containing CAD-R5 intrabody positive cells, as 

compared to cultures containing CAD and non-transduced control CD4+ T cells.  As 

can be seen in Figure 2.3, p24 levels in the CAD-R5 cultures increased above the 

uninfected control cultures until day 5 after which time p24 levels remained constant 

throughout the 17-day observation period, thus indicting that maximal viral infection 

had been reached by day 5.  In contrast, the CAD and untransduced control cultures 

had increased and continued viral replication and spread over the culture period as 

indicated by the increasing p24 levels.  Moreover, by day 17 the increased viral 

replication in CAD and untransduced control cultures resulted in approximately 3-fold 

Table 2.1: Human thymocyte population analysis
from NOD/SCID-hu thy/liv mice 
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higher p24 levels as compared to the CAD-R5 cultures.  After day 11 in untransduced 

control cultures the p24 levels fell, presumably due to loss of susceptible targets in 

culture as the result of cellular death.  

 

Figure 2.3: CCR5 Intrabody mediated protection from R5-tropic HIV-1 infection in NOD/SCID-
hu thy/liv thymocytes.  NOD/SCID-hu thy/liv human thymus implants were injected with CD34+ 
HLA-mismatched cells transduced with the CAD- or CAD-R5 vector, or mock transduced control cells 
(see Material and Methods).  Thymi were harvested from NOD/SCID-hu thy/liv mice implanted with 
mock, CAD- and CAD-R5-transduced CD34+ cells 6 weeks post-injection.  Thymi were processed into 
single cell suspensions and CD4+ tNGFR+ T cells were isolated via immunomagnetic cell sorting.  
Cultures were established using 80% tNGFR+ CD4+ T cells plus 20% non-transduced CD4+ T cells and 
activated with 5 µg/ml PHA and 20 U/ml IL-2.  Cells were infected 3 days after activation with the R5-
tropic SF-162 virus (MOI 1).  Viral replication was determined at the time points indicated by p24 
evaluation.  The CAD-R5 transduced CD4+ T cells displayed a 3-fold p24 reduction as compared to the 
CAD-transduced and non-transduced CD4+ T cells on day 17. 
 

Enrichment of the PM1 CD4+ T cell line expressing the CCR5 intrabody upon 

R5-tropic HIV-1 infection.  An underlying assumption for HIV-1 protective gene 

therapy of CD4+ T cells is that the cellular protection afforded by the delivered 

product will promote survival and enrichment over time in the face of an ongoing 

infection.33,34  Our previous findings using a neomycin PM1 cell line selected for high 

levels of CCR5 intrabody transgene integration demonstrated a 7 day survival 
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advantage after R5-tropic viral exposure.16,25  To further investigate if CCR5 intrabody 

expression provides both survival and cell expansion we established assays to 

determine if small numbers of PM1 CAD-R5-transduced cells have a selective 

survival and growth advantage during an ongoing HIV-1 infection.  PM1 T cells were 

transduced at a low MOI to achieve a transduction frequency of less than 20% tNGFR 

expressing cells.  A low MOI was used to reduce the probability of increased vector 

copy number per cell35, thereby allowing a determination of therapeutic efficacy at 

low vector copy number.  PM1 T cell cultures were established with 15% CAD-

transduced and 5% CAD-R5-transduced PM1 cells with the remaining cells in culture 

being susceptible, parental PM1 T cells.  To some cultures approximately 10% 

irradiated, NFN-SX-r-HSAS infected PM1.1 T cells were added.  Since all CAD- and 

CAD-R5-transduced cells express tNGFR it is possible to follow the survival and 

expansion of these cells by flow cytometry and quantify changes over time.  

Moreover, the number of virally infected PM1 T cells can be determined by flow 

cytometry as well by using antibodies to cell surface mHSA produced during a 

productive NFN-SX-r-HSAS infection.  Figure 2.4a displays the outcome of these 

studies by showing the percentages of tNGFR cells observed in cultures out to 15 days 

post-infection.  The levels of tNGFR+ uninfected PM1 CAD- and CAD-R5-transduced 

cells remained relatively constant throughout the experiment, thus showing no 

competitive advantage for expansion over non-transduced PM1 T cells.  In contrast, 

the percentage of tNGFR+ PM1 CAD-R5 cells drastically increased in the infected 

cultures to 78% of the total cell number by 15 days post-infection, while the PM1 
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CAD cells, in the presence of HIV-1 infected cells, failed to increase over time, but 

were infected as determined by p24 expression (data not shown).   

To determine if the CAD-R5-transduced PM1 T cells that increased in the 

presence of HIV-1 were viral negative past 15 days, all cultures were maintained out 

to day 21 and tNGFR positive cells were isolated at day 21 by magnetic bead 

separation (≥ 99% tNGFR positive, data not shown).  The isolated CAD-R5 PM1 T 

cells were then cultured for 6 additional days and these cells, as well as CAD-R5 PM1 

T cells cultured without virus, and parental PM1 T cells cultured with virus from the 

original cultures, were evaluated for tNGFR and mHSA expression by flow cytometry.  

The findings are presented in Figure 2.4b and demonstrate the lack of appreciable 

increase in tNGFR positive CAD-R5 PM1 T cells in cultures without viral infection 

(first panel), continued infection of parental PM1 T cells (second panel), and the 

absence of overt viral infection (≤1% mHSA positive) in the tNGFR positive CAD-R5 

PM1 T cells isolated from virally infected cell cultures (third panel).  It should be 

noted that the ≤1% mHSA positive CAD-R5 PM1 T cells obtained from the 6-day 

culture (last panel in Figure 2.4b), might indicate that a small number of cells were 

productively infected.  Alternatively, this observation could be due to uptake of the 

GPI-linked mHSA by uninfected, tNGFR positive cells in the original 21-day cultures.  

To distinguish between the possibilities of infection or mHSA carryover, the CAD-R5 

PM1 T cell cultures were maintained for an additional 5 weeks and evaluated by flow 

cytometry at which time the cells were found to be mHSA negative by flow cytometry 

(not shown).  Thus, PM1 T cells expressing CCR5 intrabody have a competitive 
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growth advantage over non-transduced or CAD-transduced PM1 T cells in the 

presence of HIV-1 and CCR5 intrabody expressing cells appear to be refractory to 

infection.    
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Figure 2.4:  CAD-R5 vector transduced PM1 T cells enriched over time in the presence of R5-
tropic HIV-1 infection. a) Approximately 15% CAD or 5% CAD-R5 vector transduced PM1 T cells 
were co-cultured with 10% irradiated PM1 T cells not infected with NFN-SX-r-HSAS, -HIV, or 
infected with NFN-SX-r-HSAS, +HIV, with the remaining cells composed of parental PM1 T cells.  
PM1 T cell samples were removed at 5-day intervals from the cultures and evaluated by flow cytometry 
for the presence of tNGFR.  Plotted are the percentages of cells expressing tNGFR over time in each 
culture condition.  By 15 days post-infection with NFN-SX-r-HSAS infected cells, CAD-R5 vector 
transduced PM1 T cells enriched over 13-fold as compared to PM1 CAD-transduced T cells.  b) Few 
CAD-R5 tNGFR+ PM1 T cells were virally infected.  To determine whether tNGFR+ PM1 CAD-R5 
cells present in the +HIV culture discussed in a were viral positive, tNGFR+ cells were isolated on day 
15 of culture, cultured for 6 additional days, and evaluated by flow cytometry for tNGFR and mHSA 
positive cells, right panel.  CAD-R5 PM1 T cells �HIV, left panel; parental PM1 T cell culture +HIV, 
middle panel; and CAD-R5 PM1 T cell +HIV cultures, right panel. 
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Primary T cells expressing CCR5 intrabody Are protected from dendritic cell 

mediated HIV-1 infection and enrich over time.  Cell-to-cell contact, specifically 

between HIV-1-infected or viral positive professional antigen presenting cells and 

uninfected CD4+ T cells in lymph nodes and other immune privilege sites, termed the 

infectious immunological synapse.  Dendritic cell mediated HIV-1 infection has been 

proposed too be a highly efficient and, most likely, a major physiological means of 

CD4+ T cell infection.20-24  As we have demonstrated, CAD-R5 transduced primary 

CD4+ T cells were refractory to infection by free virus.  However, given the major role 

of dendritic cells in HIV-1 T cell infection, we considered it necessary to evaluate 

whether CAD-R5 transduced primary CD4+ T cells are protected and expand when a 

stronger and more efficient HIV-1 challenge is mediated through viral presentation by 

dendritic cells.  To accomplish this goal we used a modified version of the assays 

developed by Gummuluru et al.22,36  This tissue culture method relies on HIV-1 

pulsed-dendritic cells to form an immune synapse with CD4+ T cells allowing for a 

productive cell-to-cell mediated infection.20,24  Activated, primary CD4+ T cells were 

transduced with either the CAD or CAD-R5 vector at low MOI to achieve 20 � 30% 

transduction efficacy, cultured, rested, reactivated and equal numbers of CAD- or 

CAD-R5-transduced cells were then co-cultured with autologous, dendritic cells that 

have been pulsed with R5-tropic SF-162.  Figure 2.5 presents the results of the 

changes of tNGFR positive cells for two independent studies.  Flow cytometry 

analyses before dendritic cell introduction on day 0, and on day 6, and 9-post dendritic 

co-culture demonstrated a significant amount of enrichment of the CAD-R5-



 

 

44

transduced CD4+ T cells.  In two independent experiments CD4+ T cells transduced 

with the CAD-R5 vector enriched by 75% and 67%, respectively, by day 9.  In 

contrast, T cell cultures containing the CAD-transduced CD4+ T cells decreased 31% 

and 35% in tNGFR positive cells.  These results suggest that CAD-R5-transduced 

CD4+ T cells have a survival and/or growth advantage in the presence of an ongoing 

dendritic cell-mediated HIV-1 infection. 

 

Figure 2.5: CAD-R5 vector transduced primary CD4+ T cells enrich over time during dendritic 
cell-mediated R5-tropic HIV-1 challenge.  CAD and CAD-R5 vector transduced CD4+ T cells were 
co-cultured with R5-tropic SF-162 pulsed dendritic cells at a ratio of 1:10 dendritic cells: CD4+ T cells, 
with 20-30% of the CD4+ T cells comprising tNGFR positive cells.  CD4+ T cells were evaluated by 
flow cytometry for changes in the numbers of tNGFR positive cells before dendritic cell introduction, 
day 0, and after introduction of dendritic cells on days 6 and 9.  Plotted are the percentages of tNGFR 
over time in each culture condition. 
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DISCUSSION 

 

Small-molecule chemokine receptor antagonists have the potential to 

disseminate throughout the patient to most immune compartments and disrupt HIV 

entry.37,38  In contrast, clinical gene delivery at the current time is limited in its ability 

to target most HIV susceptible cells in patients.33  An underlying rationale for clinical 

use of anti-HIV gene delivery is that susceptible cells expressing the protective gene 

of interest will be refractory to viral infection, survive and enrich during an 

immunological response to HIV infection.   Surprisingly, only a few anti-HIV gene 

delivery strategies have been evaluated for their ability to provide a survival and 

enrichment function in the presence of an ongoing HIV infection.19,39,40  Our findings 

demonstrate that HIV-1 vector delivery of CCR5 intrabody genes to T cell lines and 

primary CD4+ cells rendered them resistant to HIV-1 challenge, either from free or 

dendritic cell presented virus.  Most importantly, CCR5 intrabody expressing T cells 

have a competitive survival and growth advantage during on-going HIV-1 viral spread 

in tissue culture. 

The introduction of highly active anti-retroviral therapy (HAART) has resulted 

in clinical management of HIV-1 infection and has changed the course of a fatal 

disease to one that is now a chronic condition.41  However, anti-retroviral drug toxicity 

and the lack of patient compliance have given rise to drug resistant viral mutations, 

viral progression, and the urgent need for new anti-viral treatments.42-45  In this regard 

CCR5 is an attractive target for therapeutic intervention to halt viral entry, since CCR5 
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dependent virus is associated with primary and early stages of infection6 and 

individuals with a homozygous mutation of CCR5 (∆32) are resistant to R5-tropic 

HIV-1 infection.7-10,46  Currently, there are a number of chemokine receptor 

antagonists under review. 37,38,47-49  An alternative therapeutic method for disrupting 

HIV entry is the use of gene delivery to provide a genetic means to alter expression or 

block the function of chemokine receptors, for example, intrabodies, ribozymes, 

intrakines, zinc fingers, or RNAi.13-16,50  Our approach to disrupting CCR5 expression 

on the cell surface relies on cellular expression of a humanized intrabody targeting 

CCR5.16  The CCR5 intrabody recognizes and binds the sequence YYTSEP in the first 

extracellular domain of CCR5 at low nM affinity.51  The intrabody binding motif 

partially overlaps with the gp120 binding and fusion motif.52-56  To further improve 

cellular efficacy of the intrabody a KDEL endoplasmic retention signal has been 

included which provides entrapment of newly synthesized and recycled CCR5 as well 

and maintains cellular compartmentalization of the CCR5 intrabody.16,25  As shown in 

Figures 1b and 1c, CCR5 levels are substantially reduced (≥ 95%) in lymphocyte and 

myeloid cell lines and, most importantly, primary CD4+ T cells.   

Direct HIV challenge experiments at relatively high input (35 ng p24) provide 

evidence that humanized CCR5 intrabody expression from stable integration of the 

CAD-R5 vector in primary CD4+ T cells was sufficient to disrupt CCR5 and prevent 

infection (Figure 2.2b).  Moreover, CCR5 intrabody expression in a small number of 

PM1 T cells allowed survival and enrichment over time in infected cultures, further 

confirming that potent cell-to-cell viral spread to CCR5 intrabody expressing cells was 
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curtailed (Figure 2.4a).  Recent studies by Cordelier and colleagues using SV40 

delivery of CCR5 intrabody genes to cell lines and primary monocytes were found to 

be susceptible to HIV infection despite showing substantial reduction in CCR5 

expression.18  However, therapeutic efficacy could be achieved if a second SV40 

vector containing a CCR5 ribozyme was co-transduced, thus suggesting that an 

additional genetic disruption mechanism was required to lower levels of cell surface 

CCR5 to some threshold thereby abrogating infection.  The concern of partial 

protection from viral infection has been noted for CCR5 disruption mechanisms when 

used individually to protect T cells, such as shRNA, ribozymes, or intrabodies, when 

higher viral challenge amounts were used.17,18,57  A possible explanation for the 

enhanced efficacy of the CCR5 intrabody in our studies could lie in the coupling of the 

KDEL sequence with a high affinity intrabody.16,25  The use of the KDEL allows 

efficient intrabody trapping of both recycled and newly expressed receptor in the 

endoplasmic reticulum, thereby enhancing CCR5 loss at the cell surface.  

An advantage of HIV-1 derived vectors is their ability to transduce both 

dividing and non-dividing cells such as resting T cells, dendritic cells, macrophages, 

and non-cycling hematopoietic stem cells (HSC), thereby limiting problems associated 

with HSC culture, such as maturation and loss of stem cell potential.58,59  Our findings 

from CD34+ cell transplant studies in NOD/SCID-hu thy/liv mice suggest that CAD-

R5 vector and CCR5 intrabody expression does not overtly alter T cell development 

(Table 2.1).  Furthermore, intrabody expression is stable and remains functional for at 

least 8 weeks.  These results are in accord with our observations that CAD and CAD-
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R5-transduced primary and T cell lines did not demonstrate discernable alterations in 

growth as compared to untransduced cells (data not shown).  Additionally, we have 

observed long-term intrabody expression, without intrabody silencing or cellular 

alterations, in human B and myeloid cell populations obtained from long-term 

repopulating cells in NOD/SCID mice transplanted with CAD and CAD-R5 vector 

transduced CD34+ cells (K. L. Fischer and B. E. Torbett, unpublished studies 2005).  

The use of intrabodies in other cell-based systems have not been reported to alter 

growth and development.60-62  Although CCR5 intrabody expression is functional and 

limits the amount and duration of viral spread at the population level in CD4+ T cells 

isolated from the human thymus (Figure 2.3), additional studies are required to 

determine the variability of CAD-R5 mediated protection provided to individual CD4+ 

T cells derived from transduced CD34+ progenitors. 

Dendritic cells are the pivotal antigen-presenting cells for induction of T cell 

immunity to pathogens and recent evidence suggests that HIV-1 preferentially targets 

antigen responsive CD4+ T cells in infected individuals.63  Additional evidence points 

to enhanced viral replication in dendritic cell-CD4+ T cell clusters and the highly 

efficient ability of dendritic cells to transfer virus to susceptible cells in the 

immunological synapse.20-24  We found that CCR5 intrabody expressing primary CD4+ 

T cells increase during co-culture with viral pulsed dendritic cells, as compared to 

reporter vector control CD4+ cells, which implies a competitive advantage for cells 

having reduced CCR5 expression (Figure 2.5).  The primary CD4+ T cell enrichment 

results, when taken with the findings of the CCR5 intrabody protection in direct viral 
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challenges, indicates that delivery of CCR5 intrabody genes allows survival and 

protection from robust viral challenges.  These results further imply that we have 

achieved therapeutic efficacy in small numbers of CD4+ T cells in a population setting 

by decreasing the threshold of CCR5 available for viral entry.  We propose that there 

may be an advantage to removing CCR5 from the cell surface via gene delivery, in 

contrast to using CCR5 small molecule antagonists or gene delivery methods that 

block CCR5 on the cell surface, to reduce the probability of selecting viral mutants 

that would continue to use CCR5 for viral entry in the presence of the antagonist.64,65 

In summary, our studies provide evidence that CCR5 mediated cell surface 

disruption by HIV vector expression of CCR5 intrabodies both protects and allows 

expansion of primary CD4+ T cells.  Coupled with HIV vector delivery, intrabody 

targeting of chemokine receptors provides a powerful phenotypic disruption strategy 

possibly suitable for HIV-1 salvage therapy.      
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MATERIALS AND METHODS 

 

Primary T and Hematopoietic Cells.  Whole blood samples were obtained from 

healthy donors under the auspices of the General Clinical Research Center at The 

Scripps Green Hospital, La Jolla.  Human fetal liver and thymus tissue were obtained 

from fetuses at 16 to 24 weeks gestation (Advanced Bioscience Resource, Inc. 

Oakland, CA).  Protocols and the use of all human samples were approved by the IRB 

of The Scripps Research Institute, La Jolla, CA. 

Peripheral blood lymphocytes (PBLs) were isolated from blood via density 

gradient centrifugation using Ficoll-Hypaque Plus (Amersham Biosciences, Sweden).  

CD8+ cells were removed by positive selection using anti-CD8+ magnetic microbeads 

(Stem Cell Technologies, Canada) and a Miltenyi magnetic column (Miltenyi Biotech, 

Germany) as per the manufacturer�s protocol.  Purity was assessed by flow cytometry 

with the appropriate chromophore-labeled antibody reagents.  CD34+ fetal liver cells 

were selected using anti-CD34+ magnetic microbeads (Stem Cell, Canada) and 

isolated on a Miltenyi magnetic column (Miltenyi Biotech, Germany) as described.58 

 

Cell Culture.  293T cells (a kind gift of CellGenesys, San Francisco, CA) were 

cultured in DMEM containing 10% fetal bovine serum (FBS), 10mM HEPES, and 

antibiotics (GIBCO/BRL) and maintained in a humidified 37ûC incubator containing 

10% C02. 
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PM166 and THP-167 cells were cultured in RPMI 1640 containing 10% FBS, 

10mM HEPES, and antibiotics (cRPMI) and passaged every 3 days.  Limit dilution 

cloning of the PM1 T cell line generated the PM1.1 cell line, which is highly 

susceptible to HIV-1 at low MOI.  All cell lines were maintained in a 37ûC humidified 

incubator containing 5% C02. 

For primary CD4+ T cell studies, 1 x 106 CD8+-depleted PBLs/ml were 

cultured in cRPMI and activated with 5 µg/ml phytohemagglutinin (PHA) and 20 

U/ml IL-2.  After 2 days of culture, cells were washed and cultured in cRPMI with 20 

U/ml IL-2.  Cells were reactivated on day 9 of culture with 5 µg/ml PHA and 20 U/ml 

IL-2 for 2 days.  After 2 days of reactivation, cells were cultured in cRPMI with 20 

U/ml IL-2.  All cultures were maintained in a 37ûC humidified incubator containing 

5% C02. 

CD34+ cells isolated from the fetal liver were cultured at 4.5 x 106 cells/ml in 

IMDM, 10% bovine serum albumin, insulin, and transferrin (BIT) (Stem Cell, 

Canada), 1% FBS, 50 ng/ml Thrombopoietin (TPO), 50 ng/ml stem cell factor (SCF), 

20 ng/ml IL-6, 100 ng/ml FLT-3, antibiotics, and 1 µM β-mercaptoethanol for vector 

transduction purposes.  All cultures were maintained in a 37ûC humidified incubator 

containing 5% C02. 

 

HIV-1 Production. The R5- and X4-tropic mouse heat stable antigen (mHSA) 

reporter viruses, NFN-SX-r-HSAS and NL-r-HSAS were prepared by transfection of 

the molecular clone into 293T to generate infectious virus, which was amplified in the 
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PM1 T cell line or primary cells.16  The R5-tropic SF-162 virus was prepared from 

viral supernatant infection on PHA (5µg/ml) activated primary CD8+-depleted PBL 

cultures.  Viral supernatant was collected 7-9 days post culture and tested for p24 

concentration, by the University of California, San Diego, CFAR, using the antigen 

capture ELISA test (Beckman Coulter) according to the manufacturer�s instructions. 

 

Generation of the CAD and CAD-R5 HIV-1 SIN Vectors. To ensure long-term 

expression in hematopoietic cells we have generated an HIV-1 SIN vector, which 

incorporated a number of unique elements (Fig. 1A, CAD series vector).  A 

myeloproliferative sarcoma virus long terminal repeat (LTR)-negative control region 

deleted (MND) was selected as the internal promoter based on the demonstration of 

high expression of selected genes (unpublished data and 68,69) and the presence of 

altered LTR elements that preclude methylation which supported long-term expression 

in mouse long-term hematopoietic progenitors upon repeated passage.58,70  

A complete description of the CAD vector cloning strategy is available upon 

request.  Briefly, the CAD control vector was assembled by standard cloning 

techniques from the following elements:  Vector backbone was derived from CS-PRE, 

a derivative of HIV-CS70 (kind gift of H. Miyoshi, University of Tsukuba, Japan) 

which has unique BamHI, SacII, EcoRI, XbaI, HpaI, and XhoI sites upstream of the 

post translational regulatory element (PRE).71  The MND LTR was cloned from the 

MND-HSPSV-EGFP plasmid (kind gift of Don Kohn, USC School of Medicine, 

Children�s Hospital Los Angeles) and cloned into the BamHI site.  The 178-bp cPPT-
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CTS BamH1/Sma1 fragment was amplified from HIV-1 molecular clone R8.72  The 

cellular IRES and truncated nerve growth factor receptor (cIRES-tNGFR) BamHI/ClaI 

fragment were cloned from plasmid pSK+100eIF4 (kind gift of Gabor Veres, 

SyStemix, Palo Alto, CA).  The 800 bp 3' SAR element was cloned from plasmid 

pCL, introducing Xba1/Hpa1 sites.73 The humanized CCR5 intrabody, ST6/34, was 

generated and cloned as previously described.51  The CAD-R5 CCR5 intrabody vector 

was constructed from CAD by replacing the BamHI MND promoter fragment with a 

MND promoter and the intrabody fragment.  

CAD and CAD-R5 virion particles were produced by transient calcium 

phosphate co-transfection as described.58,70  Briefly, the CAD and CAD-R5 transfer 

vectors (10 µg/dish) were co-transfected with the packaging construct pMDLg/pRRE 

(6.5 µg), pRSV-rev (2.5 µg), and a VSV-G expression construct (3.5 µg) into 2x 106 

293T cells.58  Supernatant was harvested 24 and 48 hours later and concentrated 1000-

fold by ultracentrifugation.  Multiplicity of infection (MOI) was calculated based on 

titers classified as transducing units (TU)/ml by transducing 293T cells. 

 

HIV-1 Vector Transduction.  PM1 and THP-1 cells were transduced in the presence 

of 8 µg/ml polybrene or protamine sulfate, respectively, in cRPMI with selected MOI 

of 1 CAD or CAD-R5 vector overnight, washed, and maintained as described above.  

CD8+-depleted PBLs were transduced with the CAD or CAD-R5 vector at a MOI of 

50 on day 2 of culture for 8 hours in the presence of 8 µg/ml polybrene.  Cells were 

washed and cultured in complete RPMI with 20 U/ml IL-2.  Seven days post-
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transduction, tNGFR positive cells were isolated via immunomagnetic isolation using 

NGFR-Phycoerythrin (PE) conjugated antibody (BD Biosciences: Pharmingen, San 

Diego, CA) and α-PE dextran/α-dextran magnetic beads (Stem Cell Technologies, 

Canada) using a Miltenyi magnetic column (Miltenyi Biotec, Germany).  Isolated cells 

were reactivated with 5 µg/ml PHA and 20 U/ml IL-2 for 2 days then cultured in 

cRPMI with 20 U/ml IL-2.   

CD34+ fetal liver stem cells were transduced with the CAD or CAD-R5 vector 

(MOI 25) on day 2 and 3 of culture overnight in the presence of 3 µg/ml polybrene.  

Cells were washed after each transduction and maintained as described above. 

 

HIV-1 Infection. PM1 cells were infected with R5-tropic NFN-SX-r-HSAS HIV-1 

and lethally irradiated and used to challenge the PM1 T cell line.  As a CCR5 

intrabody specificity control, PM1 cells were also infected with X4-tropic NL-r-HSAS 

at an MOI of 0.1.  Primary T cells were infected with R5-tropic SF-162 HIV-1 (MOI 1 

= 35 ng of p24) for 3-5 hours in the presence of 8 µg/ml polybrene on day 11 of 

culture.  Supernatant was collected during various time points for HIV-1 p24 

concentration and performed via ELISA as described above. 

 

Flow Cytometry Analysis.  CAD and CAD-R5 tNGFR reporter gene expression was 

detected by flow cytometry analysis on cells stained with NGFR-PE (BD Biosciences: 

Pharmingen, San Diego, CA) or NGFR-fluorescein (FITC) (gift of Gabor Veres, 

SyStemix, Palo Alto, CA). NFN-SX-r-HSAS and NL-r-HSAS HIV reporter gene 
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expression was detected by mHSA-FITC (eBioscience, San Diego, CA).  CCR5 

expression on primary T cells was detected by indirect staining with 2D7 (BD 

Biosciences: Pharmingen, San Diego, CA) and PE-labeled donkey anti-mouse serum 

(Jackson Immunoresearch, PA).  CCR5 expression on THP-1 cells was detected by 

CCR5-PE (BD Biosciences: Pharmingen, San Diego, CA).  Cells were analyzed on 

Becton Dickinson FACScan using CELLQUEST software. 

 

NOD/SCID-hu thy/liv Mouse Model.  NOD/SCID mice were bred and treated with 

antibiotics in accordance with the animal care and use committee at The Scripps 

Research Institute (ARC # 06JAN02).  7-8 week old mice were placed under 

anesthesia (Methoxyflurane and Pentobarbitol) during the surgical procedure.  Human 

fetal liver-thymus-liver tissue sections (~3mm3) were placed under the left kidney 

capsule.  Two months post thymus establishment, mice were irradiated with 325 rads.  

One day post irradiation, mice were placed under anesthesia as described above and 

2.5 x 105 CD34+ HLA-mismatched fetal liver cells (mock, CAD- or CAD-R5-

transduced cells) were injected into the human thymus.  Six weeks post CD34+ 

injection, mice were sacrificed and thymi were harvested for analysis and prepared 

into a single cell suspension for flow cytometry analysis and cell culture. 

Two-color flow cytometry analysis was performed on thymocytes stained with 

anti-human antibodies, CD4+-FITC and CD8+-PE (Beckman Coulter, Fullerton, CA), 

HLA-A2 FITC, CD8+-FITC, and NGFR-PE (BD Biosciences, Pharmingen, San 

Diego).  The CAD and CAD-R5 thymocyte groups were enriched for tNGFR positive 
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cells via immunomagnetic sorting as described above.  Cultures were established with 

80% tNGFR positive thymocytes and 20% non-transduced thymocytes and activated 

with 5 µg/ml PHA and 20 U/ml IL-2 for 3 days in cRPMI, washed and cultured in 

cRPMI with 20 U/ml IL-2.  On day 3 of culture, cells were infected with R5-tropic 

SF-162 (MOI 1) in the presence of 8 µg/ml polybrene.  Supernatant was collected 

during various time points for HIV-1 p24 concentration and prepared as described 

above.  

 
Primary CD4+ T cell Enrichment Assay.  The primary T cell enrichment assay is a 

modification of the rapid-turnover assay developed and described by Gummuluru, et 

al.22,36  CD8+ T cells were isolated and depleted as previously described.  Immature 

dendritic cells (DC) were enriched from an autologous donor via immunomagnetic 

cell sorting using anti-CD14+ microbeads (Stem Cell Technologies, Canada) and 

isolated on a Miltenyi magnetic column (Miltenyi Biotech, Germany).  CD4+ T cells 

were activated, cultured and transduced with the CAD and CAD-R5 vector as 

previously described.  DC were cultured at 1 x 106 cells/ml in cRPMI plus 500 U/ml 

IL-4 and 800 U/ml GM-CSF for 7 days.  Day 7 of culture, DC were pulsed with 500 

ng p24 SF-162 viral supernatant for 2-6 hours and washed thoroughly three times with 

PBS.  The HIV-1 exposed DC were then co-cultured with the CAD- or CAD-R5-

transduced CD4+ T cells at a ratio of 1:10 with tNGFR+ transduced cells representing 

20-30% of the total cell population.  CD4+ T cells were reactivated for 2 days with 5 

µg/ml PHA and 20 U/ml IL-2 prior to co-culture with DC.  CD4+ T cells and DC were 

co-cultured in cRPMI with 20 U/ml IL-2, 500 U/ml IL-4, and 800 U/ml GM-CSF, and 
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media was changed every 3 days.  Cells were stained with NGFR-PE before 

introduction of dendritic cells on day 0, and on 6, and 9-post co-culture for flow 

cytometry analysis.  Enrichment was determined by the percentage of tNGFR positive 

cells. 
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CHAPTER 3 

 

COMBINATORIAL CXCR4 INTRABODY AND SIRNA LENTIVIRAL VECTORS PROTECT 

FROM X4- AND DUAL-TROPIC HIV-1 INFECTION 
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PREFACE 

 

A greater chance of X4-tropic variants emerges as HIV-1 disease progresses. 

In my efforts to disrupt CXCR4 cell surface expression from T cells, it became 

apparent that, unlike CCR5, expression of a CXCR4 specific intrabody did not 

sufficiently deplete cell surface levels of CXCR4 or subsequent HIV-1 protection.  

Furthermore, CXCR4 specific short hairpin RNA (shRNA) produced similar results as 

the intrabody.  Therefore, we hypothesized that one vector expressing both the 

CXCR4 intrabody to target protein, and CXCR4 shRNA to target message, would 

generate greater disruption of CXCR4 cell surface expression, and protect against X4-

tropic HIV-1.  In fact, expression of the CXCR4 combination vector in PM1 T cells 

and primary human CD4+ T cells produced an additive response with regards to 

CXCR4 knockdown, and importantly, provided protection of these cells upon a robust 

HIV-1 challenge. 

Chapter 3 is a manuscript in preparation for submission, which describes 

development of the CXCR4 combination vector and results from PM1 and primary 

CD4+ T cell HIV-1 challenge experiments. 
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ABSTRACT 

 

 The chemokine receptor CXCR4 is expressed at high levels on T cells and is 

the co-receptor for pathogenic X4-tropic human immunodeficiency virus type-1 (HIV-

1).  In contrast to CCR5, the R5-tropic HIV-1 co-receptor, it has been more difficult to 

disrupt levels of CXCR4 to provide protection from HIV-1 challenge using 

conventional RNA interference strategies.  To address this issue, short hairpin RNA 

(shRNA) directed against CXCR4 to mediate posttranscriptional gene silencing and 

intracellular single chain antibody (intrabody) strategies were combined within the 

same HIV-1 lentiviral gene delivery vector.  Expression of the CXCR4 shRNA and 

intrabody combination vector in PM1 T cells or primary CD4+ T cells resulted in 

lower levels of CXCR4 cell surface disruption and resistance to X4-tropic HIV-1 

infection when compared to cells expressing the CXCR4 shRNA or intrabody vector 

alone.  Additionally, primary CD4+ T cells expressing the CXCR4 combination 

vector, enrich and remain resistant against X4-tropic dendritic cell (DC) mediated 

viral challenge.  Moreover, free virus or DC-mediated dual-tropic HIV-1 challenge in 

primary CD4+ T cells expressing the CXCR4 combination vector is constrained, 

which supports previous reports that CXCR4 is the preferred coreceptor for dual-

tropic HIV-1 infection in primary CD4+ T cells.  These findings demonstrate that this 

established combination lentiviral gene delivery system is a powerful tool to disrupt 

highly expressed genes by targeting the same message and protein product from one 

vector.  Furthermore, these findings determined that protection from robust X4- and 
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dual-tropic HIV-1 infection does not require complete knockdown of CXCR4 

expression, but does require decreased levels of CXCR4 expression per cell. 

 

 



 

 

69

INTRODUCTION 

 

The expression levels of the HIV-1 receptor CD4, and co-receptors 

CCR5/CXCR4, dramatically orchestrate the success rate of viral entry.1,2  Reducing 

the levels of CCR5 cell surface expression as seen with CCR5-/- (∆32)7 or 

heterozygous individuals8 has become a major goal for HIV gene delivery due to R5-

tropic HIV-1s association with primary viral transmission.  Small interfering RNA 

(siRNA),3 ribozyme,4 intrakine,5 and single chain antibody (intrabody)6 mechanisms 

have successfully reduced cell surface expression of CCR5 and promoted protection 

against R5-tropic infection.  About one half of HIV-1 infected individuals experience 

a tropism switch to pathogenic CXCR4-using HIV-1 (X4-tropic), which correlates to 

accelerated disease progression.9   

RNA interference is a powerful tool to disrupt specific gene expression in 

mammalian cells, and proven useful with regards to HIV-1 therapy.11  In short, 

posttranscriptional gene silencing is initiated by the introduction of dsRNA, which in 

turn is cleaved by an RNAse III enzyme, DICER, into siRNA and assembles into the 

RNA induced silencing complex (RISC).  The RISC/siRNA complex is guided by the 

antisense siRNA strand to the target mRNA which consequently undergoes 

endonucleolytic cleavage.  We investigated levels of CXCR4 disruption by means of 

delivering CXCR4 short hairpin RNA (shRNA) by an HIV-1 derived vector.  

Moderate levels of CXCR4 cell surface expression were disrupted, however, these 

levels were not sufficient to provide protection against X4-tropic infection. 
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Intrabodies have also become a useful tool to attenuate HIV-1 infection.12 

Highly specific intrabodies can be directed to different cellular compartments in order 

to disrupt expression and function of the target protein.  Similar to the shRNA HIV-1 

vector, a CXCR4 specific intrabody vector with a KDEL endoplasmic reticulum 

retention signal.  Interestingly, the level of CXCR4 cell surface disruption mimicked 

what was determined with the shRNA. 

Due to the relatively higher levels of CXCR4 on specific lymphocyte subsets 

as compared to CCR5,10 we hypothesized that a sufficient knock down of CXCR4 will 

require both shRNA and intrabody mediated disruption in order to achieve protection 

from X4-tropic virus.  We have developed a novel self inactivating (SIN) HIV-1 

derived vector expressing a shRNA and intrabody in combination against CXCR4 

message and protein respectively.   

We have used these vectors in the PM1 T cell line and primary CD4+ T cells to 

measure the level of CXCR4 knock down obtained with expression of CXCR4 

shRNA, intrabody, or combination shRNA + intrabody vectors, and established how 

the level of CXCR4 expression translates into protection against HIV-1 infection.  We 

determined that combination gene delivery of the CXCR4 shRNA and intrabody 

decreased CXCR4 cell surface levels enough so as to protect from X4-tropic challenge 

and enrich during highly infectiut dendritic cell HIV-1 presentation.  Moreover, 

infection with dual-tropic HIV-1 isolates was abrogated only in primary CD4+ T cells 

expressing the CXCR4 combination vector. 
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RESULTS 

 

PM1 T cells expressing the CXCR4 combination vector exhibit decreased levels 

of CXCR4 cell surface expression and are protected against X4-tropic infection.   

In order to disrupt CXCR4 levels in T cell lines and primary CD4+ T cells, a series of 

CGW GFP reporter self-inactivating (SIN) HIV-1 derived vectors were created to 

express a CXCR4 intrabody (CGW-X4i), CXCR4 shRNA (CGW-siX4), or both 

CXCR4 shRNA and intrabody (CGW-siX4/X4i) (Figure 3.1).   

 

Figure 3.1:  The CXCR4 Intrabody and shRNA Vector Series.  The CGW HIV-1 self-inactivating 
(SIN) vector was used for CXCR4 single chain antibody (intrabody) and/or small interfering RNA 
(siRNA) gene delivery. Vector elements are as follows: MND, myeloproliferative sarcoma virus LTR-
negative control region deleted; cPPT-CTS, polypurine tract � central terminating sequence; cIRES, 
cellular internal ribosome entry site; GFP, green fluorescent protein; SAR, IFN-b-scaffold attachment 
region; and WPRE, woodchuck posttranslational regulatory element. 
 

To determine the level of CXCR4 disruption, PM1 T cells were transduced 

with the CGW, CGW-X4i, CGW-siX4, and CGW-siX4/X4i vectors at a multiplicity 

of infection (MOI) 1, 10, 25, or 50 (Figure 3.2a).  Cells were sorted for GFP positivity 

and analyzed for CXCR4 expression (left histogram column).  Notably, CXCR4 
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expression remained unchanged for the GFP control CGW PM1 T cell line at all MOI 

levels.  As the CGW-X4i, CGW-siX4, and CGW-siX4/X4i vectors MOI transduction 

levels increase, the levels of CXCR4 expression decrease proportionally.  The greatest 

level of CXCR4 cell surface disruption is seen in the PM1 T cell line expressing the 

CXCR4 shRNA and intrabody combination vector.  At an MOI of 1, expression of the 

CGW-siX4/X4i vector decreases CXCR4 levels to 30% with a mean fluorescence 

intensity (MFI) of 12, which is similar to the CXCR4 expression levels obtained by 

the CGW-X4i and CGW-siX4 vectors at an MOI 50.  Furthermore, at an of MOI 50, 

the CXCR4 combination vector decreases CXCR4 cell surface expression to 8% with 

an MFI of 8, levels similar to the isotype control, indicating that very low levels of 

CXCR4 are available per cell.  It is important to note that not only have the levels of 

CXCR4 decreased considerably with the use of the combination vector, but the 

numbers of CXCR4 molecules available per cell are decreased as well.  This suggests 

that the CXCR4 combination vector attains a greater level of CXCR4 knockdown with 

possible less viral integration events that neither CXCR4 shRNA or intrabody 

methods can accomplish alone. 

To determine if the low levels of CXCR4 obtained from CXCR4 shRNA, 

intrabody, or combination expression were sufficient to protect from X4-tropic HIV-1 

infection, GFP+ PM1 T cells were infected with equal amounts of virus (100 ng p24) 

X4-tropic mouse heat stable antigen (mHSA) reporter virus, NL-r-HSAS.  Cells were 

analyzed for mHSA expression by flow cytometry to determine HIV-1 infected cells 

(Figure 3.2a, right histogram column).  The protective effects of the CXCR4 
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combination vector expression within the PM1 T cell line is best seen at an MOI 50 

with the majority of cells being mHSA and HIV-1 p24 negative (<15% positive, 

MFI=13).  Furthermore, at low levels of transduction (MOI 1-25), the CXCR4 

combination vector transduced T cells have a high percentage of HIV infected cells 

(>45%), however, the MFI of mHSA expression is reduced by >3-fold when 

compared to CGW, CGW-X4i, or CGW-siX4 expressing T cells.  Similar to what was 

observed with regards to CXCR4 expression, the percentage of HIV-1 positively 

infected cells in the CGW-siX4/X4i PM1 T cells at low MOI is similar to what is seen 

in the CGW-X4i and CGW-siX4 PM1 T cell line at an MOI of 50.  This is suggestive 

of enhanced efficacy obtained with the use of the CXCR4 combination vector.      

In addition to mHSA staining, cellular supernatant was collected from NL-r-

HSAS infected CGW, CGW-X4i, CGW-siX4, and CGW-siX4/X4i PM1 T cells (MOI 

50) to determine extracellular p24 concentration via ELISA (Figure 3.2b).  CGW-

siX4/X4i PM1 T cells remained resistant to HIV-1 infection and had over a 2.5 log 

decrease in p24 concentration compared to CGW, CGW-X4i, and CGW-siX4 PM1 T 

cells, suggesting that viral entry is hampered in CXCR4 combination vector 

expressing cells due to the decreased level of CXCR4 available per cell.  As a control 

for CXCR4 intrabody and shRNA specificity, CGW, CGW-X4i, CGW-siX4, and 

CGW-siX4/X4i PM1 T cells (MOI 50) were infected with 100 ng p24 R5-tropic SF-

162.  Cellular supernatant was collected to determine extracellular HIV-1 p24 

concentration (Figure 3.2c).  As expected, all PM1 T cell groups became infected and 

exhibited high levels of extracellular p24 demonstrating the specificity of the CXCR4 
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intrabody and shRNA vectors for regulating CXCR4.  Taken together, the CGW-X4i, 

CGW-siX4, and CGW-siX4/X4i vectors regulate levels of cell surface CXCR4 

expression, and the level of CXCR4 disruption is dependent on the amount of viral 

copies/cell.  Furthermore, the CXCR4 combination vector has a greater efficacy for 

disrupting CXCR4 cell surface expression.  These findings show that, at an MOI of 

50, the CXCR4 combination vector efficiently disrupts CXCR4 cell surface levels on 

PM1 T cells to levels that generate protection against X4-tropic HIV-1 challenge. 
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Figure 3.2:  CXCR4 cell surface expression and HIV-1 resistance is dependent upon level 
lentiviral input.  (a) The PM1 T cell line was transduced with the CGW, CGW-X4i, CGW-siX4, or 
CGW-siX4/X4i vectors at an MOI of 1, 10, 25, or 50 overnight in the presence of 4 µg/ml polybrene, 
washed and cultured as described in materials and methods. PM1 cells were sorted for GFP positivity 
two weeks post transduction via FACS and CXCR4 expression was determined by flow cytometry 
analysis (histograms, left column).  Sorted PM1 cells were infected with 100ng p24 X4-tropic mouse 
heat stable antigen (mHSA) reporter HIV-1 (NL-r-HSAS) in the presence of 4 µg/ml polybrene and 
analyzed for mHSA cell surface expression ten days post-infection (histograms right column,).  CGW, 
CGW-X4i, CGW-siX4, and CGW-siX4/X4i PM1 T cells (MOI 50), discussed in (a) were infected with 
100 ng X4-troppic NL-r-HSAS or R5-tropic SF-162.  Supernatant was collected during various time 
points to determine extracellular NL-r-HSAS (b) or SF-162 (c) HIV-1 p24 concentration and quantified 
via ELISA. 
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CXCR4 combination vector expressing primary CD4+ T cells have greater levels 

of CXCR4 disruption and protection against X4- and dual-tropic HIV-1 

infection. CXCR4 expression is relatively high on naïve, unactivated CD26low, 

CD45RA+, CD45RO- T cells, and the levels remain high through phytohemagglutinin 

(PHA) and interleukin 2 (IL-2) stimulation.  We sought to determine if the CXCR4 

shRNA, intrabody, or combination vector could mediate a substantial level of CXCR4 

knockdown and X4-tropic HIV-1 protection in primary CD4+ T cells.  CD4+ T cells 

were enriched from healthy donor peripheral blood monocytic cells (PBMCs) via CD8 

depletion, and activated with 5 µg/ml PHA and 20 U/ml IL-2 for 2 days prior to 

transduction with CGW, CGW-X4i, CGW-siX4, or CGW-siX4/X4i at an MOI 50.  

The transduction level was determined from the results obtained in the PM1 T cell line 

as described above.  Seven days post- transduction, cells were isolated for GFP 

positivity and reactivated with 5 µg/ml PHA and 20 U/ml IL-2 for 2 days.  Figure 3.3a 

depicts CXCR4 cell surface expression following CD4+ T cell reactivation.  Compared 

to the PM1 T cell line, primary CD4+ T cells have a higher percentage of CXCR4 

positive cells and higher expression levels of CXCR4 per cell.10  The control CGW, 

GFP reporter vector did not alter CXCR4 or CCR5 expression as compared to mock-

transduced cells (CCR5 data not shown).  Expression of the CGW-X4i and CGW-siX4 

single vectors in CD4+ T cells yielded an overall reduction of 23% in CXCR4 positive 

cells with over 2-fold reduction of CXCR4 molecules/cell.  The level of CXCR4 cell 

surface expression is greatly decreased upon expression of the combination CGW-
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siX4/X4i vector.  These cells exhibited an overall reduction of 60% CXCR4 positive 

cells with a 6.5-fold level of reduction in CXCR4 molecules/cell.   

Although the percentage of CXCR4 positivity on CGW-siX4/X4i CD4+ T cells 

is considerable (38%), we questioned if the amount of CXCR4 available per cell 

(MFI=8) was sufficient to protect CD4+ T cells against X4-tropic infection.  CD4+ T 

cells were challenged with 500 ng of p24 NL-r-HSAS X4-tropic mHSA reporter virus.   

Flow cytometry analysis for HIV-1 reporter gene mHSA expression was performed 

seven-days post HIV-1 infection (Figure 3.3b).  The vast majority of cells remained 

GFP positive suggesting no vector silencing throughout the experiment.  CGW, CGW-

X4i, and CGW-siX4 CD4+ T cells expressed substantial levels of mHSA HIV-1 

positive (43-56% mHSA+), and importantly, there was no protective benefit from 

either CXCR4 intrabody or shRNA expression alone when compared to CGW CD4+ T 

cells.  In contrast, CXCR4 combination CGW-siX4/X4i expressing CD4+ T cells 

attain greater levels of X4-tropic protection with a 2.5-fold reduction of mHSA 

positive cells.  Extracellular HIV-1 p24 concentration, shown in Figure 3.3c, correlates 

with mHSA staining with a greater reduction of extracellular p24 in CGW-siX4/X4i 

CD4+ T cells.  Thus, the CXCR4 combination vector reduced cell surface CXCR4 

expression in CD4+ T cells sufficient to protect from robust X4-tropic HIV-1 

infection. 

HIV-1 co-receptor specificity in primary lymphocytes strongly influences 

disease progression.2,9  Primary infection is associated with R5-tropic HIV-1 variants, 

with about 50% of infected individuals switching to the highly pathogenic X4-tropic 
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HIV-1 variant.14,15   Most of these emerging X4-tropic variants retain the ability to use 

CCR5 as a co-receptor in cell culture and, therefore are designated as dual-tropic 

variants.16,17  Recently, a report by Yi et al.13 describe the preferential use of CXCR4 

by dual tropic HIV-1 isolates with regards to primary lymphocyte infection. In order 

to determine how efficacious the CXCR4 combination vector would be against dual-

tropic HIV-1 infection, primary CD4+ T cells were transduced with CGW, CGW-X4i, 

CGW-siX4, CGW-siX4/X4i vectors at an MOI 50 and isolated for GFP positivity.  

Cells were infected with 500 ng p24 dual-tropic 89.6 HIV-1 (kind gift of Steven 

Spector, UCSD).  Cellular supernatant was collected to determine HIV-1 p24 

production, shown in Figure 3.3d.  Consistent with findings by Yi et al., only the 

CD4+ T cells expressing the CXCR4 combination vector remained resistant to dual-

tropic HIV-1 challenge, whereas the CD4+ T cells expressing either CXCR4 intrabody 

or shRNA alone did not provide any protection against viral entry.  In conclusion, the 

CXCR4 combination vector disrupts CXCR4 cell surface levels to limits that are low 

enough to mediate protection against X4-tropic and, importantly, dual-tropic HIV-1 

infection. 
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Figure 3.3:  Expression of the combination CXCR4 vector disrupts higher levels of CXCR4 than 
CXCR4 intrabody and shRNA vector alone and mediates protection against X4- and dual-tropic 
HIV-1 infection in primary CD4+ T-cells.  Activated, primary CD4+ T-cells were transduced with 
CGW, CGW-X4i, CGW-siX4, or CGW-siX4/X4i at an MOI of 50.  GFP positive cells were isolated 
and reactivated on day 9 of culture.  (a) At day 11 of culture, cells were analyzed via flow cytometry for 
CXCR4 expression.  Isotype control (dotted line), CGW GFP control vector expressing cells (black 
line), and CGW-X4i, CGW-siX4, or CGW-siX4/X4i vector expressing cells (orange line).  Overall 
percentage loss of CXCR4 positive cells is shown in parenthesis.  (b) CGW, CGW-X4i, CGW-siX4, 
and CGW-siX4/X4i GFP positive CD4+ T cells were infected with 500 ng p24 X4-tropic NL-r-HSAS in 
the presence of 4 µg/ml polybrene.  Seven days post-infection, cells were analyzed via flow cytometry 
for HIV-1 reporter mHSA cell surface expression.  Top panel, -HIV-1; Bottom panel, +HIV-1.  (c) 
Supernatant was collected during various time points to determine extracellular HIV-1 p24 
concentration from CD4+ T cell cultures described in (b).  Quantification of HIV-1 p24 antigen in cell-
free supernatant was performed via ELISA.  (d) CGW, CGW-X4i, CGW-siX4, and CGW-siX4/X4i 
GFP positive transduced CD4+ T cells were infected with 500 ng dual-tropic 89.6.  Supernatant was 
collected at various time points to determine extracellular HIV-1 p24 via ELISA. 
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Primary CD4+ T cells expressing the CXCR4 combination are resistant to viral 

entry and enrich during dendritic cell-mediated X4- and dual-tropic viral 

challenge.  Dendritic cells (DC) are essential for efficient HIV-1 infection in vivo.  

These cells provide a means for efficient viral capture at mucosal sites and 

presentation to antigen specific T cells in lymph nodes, thus creating an �infectious 

synapse� where rapid viral replication occurs.18-20  We have shown that CD4+ T cells 

expressing the CXCR4 combination vector are resistant against infection via a cell-

free route, which maintain decreased levels of viral kinetics compared to a cell 

mediated infection route.21  To emulate in vivo conditions for primary HIV-1 infection 

we sought to determine if a small percentage of shRNA, intrabody, or CXCR4 

combination vector expressing CD4+ T cells exhibit protection and enrichment during 

a DC mediated HIV-1 infection.  To this end, non-autologous immature dendritic cells 

were pulsed with 500 ng p24 X4-tropic NL-r-HSAS reporter virus or dual tropic BaL-

1B (kind gift of D. Mosier, TSRI) and co-cultured (1:10 ratio) with transduced CGW, 

CGW-X4i, CGW-siX4, or CGW-siX4/X4i CD4+ T cells which were <32% GFP+ of 

the total CD4+ T cell population.  The dual-tropic BaL-1B22 isolate was derived from 

R5-tropic BaL HIV-1 by limiting the number of CCR5 positive target cells with that 

of CXCR4 positive target cells in order to select for X4- or dual-tropic mutants.  Upon 

numerous cell passages, the dual-tropic BaL-1B isolate emerged (see Pastore et al.22).  

Figure 3.4a depicts the percentage of intracellular p24 positive transduced CD4+ T 

cells determined by flow cytometry five days post co-culture with dendritic cells 

pulsed with either X4-tropic NL-r-HSAS or dual-tropic BaL-1B.  The same trend that 
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was seen with free-viral challenge is observed with regards to DC-mediated viral 

infection. CXCR4 combination vector transduced CD4+ T cells remain protected 

against X4- and dual-tropic DC-mediated viral entry (<3% p24 positive), where as the 

CGW, CGW-X4i, and CGW-siX4 transduced T cells were not refractory to viral entry 

and infection and exhibited high percentages of p24 positive cells (30-60% p24 

positive). 

To determine if the CGW, CGW-X4i, CGW-siX4, and CGW-siX4/X4i 

transduced CD4+ T cells have a selective advantage during DC-mediated infection, 

transduced CD4+ T cells were co-cultured with HIV-1 pulsed DC as described above.  

DCs were pulsed with X4-tropic NL-r-HSAS or LAI isolates, dual-tropic BaL-1B, or 

R5-tropic SF-162.  Figure 3.4b represents the percentage of GFP positive cells 

determined by flow cytometry five days post DC co-culture in order to determine if 

the GFP positive transduced cells have a selective growth advantage during a dendritic 

cell viral challenge.  The levels of GFP positive CXCR4 combination vector 

transduced T cells enriched the population by 32% and 160% during X4- and dual-

tropic DC-mediated viral challenge respectively, whereas the CGW, CGW-X4i, and 

CGW-siX4 transduced T cells failed to enrich and percentages of GFP positive cells 

declined 23-63%.  Importantly, the percentage of GFP positive cells in all groups for 

the non-infected DC/CD4 co-cultures remained unchanged between day 0 and day 5-

post co-culture (data not shown).  Additionally, all groups exhibited a loss of GFP 

positive cells during R5-tropic DC-mediated infection displaying the vector specificity 

for CXCR4.  These results suggest that CXCR4 combination vector transduced cells 
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have a selective growth advantage, and moreover, CXCR4 combination expressing 

CD4+ T cells remain viral-negative during an on-going dendritic cell-mediated viral 

challenge. 

 

 
 

Figure 3.4:  Combination vector expressing T cells are resistant and have a selective growth 
advantage during dendritic cell mediated X4- and dual-tropic HIV-1 infection.  (a) CD4+ T cells 
were transduced with CGW, CGW-X4i, CGW-siX4, and CGW-siX4/X4i vectors at an MOI of 50.  
Non-autologous dendritic cells were pulsed with 500 ng p24 of X4-tropic NL-r-HSAS or dual tropic 
BaL-1B and added to the transduced CD4+ T cells at a 1:10 ratio.  GFP positive transduced CD4+ T 
cells represented 20-33% of the total CD4+ T cell culture.  Five days post co-culture, the non-infected (-
HIV-1), X4-tropic NL-r-HSAS, and dual-tropic BaL-1B DC/ CD4+ T cell cultures were analyzed by 
flow cytometry for intracellular HIV-1 p24 in GFP positive cells.  (b) CD4+ T cells were transduced 
with CGW, CGW-X4i, CGW-siX4, and CGW-siX4/X4i vectors.  DC pulsed with 500 ng p24 of X4-
tropic NL-r-HSAS or LAI, dual-tropic Bal-1B, or R5-tropic SF-162 were co-cultured at 1:10 ratio with 
transduced CD4+ T cells as described in (a).  GFP expression was determined five days post co-culture 
via flow cytometry analysis.  
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DISCUSSION 

 

The selection pressures that lead to the emergence of pathogenic X4-tropic 

variants has yet to be completely understood.1  Interestingly, the majority of these X4-

tropic variants retain the ability to use CCR5 as a co-receptor to infect primary 

macrophage and T cell lines, and therefore, are dual-tropic by definition.16,17  A study 

by Yi et al.13 determined these dual-tropic variants preferentially use CXCR4 as the 

co-receptor during primary CD4+ T cell infection.  CXCR4 positive cells mainly 

comprise the naïve lymphoid subset,10,23 which  upon infection, may ultimately lead to 

thymic depletion and rapid loss of CD4+ T cells.24-26  For these reasons, CXCR4 is an 

important target to prevent HIV-1 entry and viral spread. 

Due to the relatively high expression levels of CXCR4 on primary 

lymphocytes, we hypothesized that a single disruption method would not be sufficient 

to protect CD4+ T cells against a high-titer free or dendritic cell-mediated HIV-1 

challenge and, therefore, would require combinatorial modalities to target CXCR4 

message and protein.  Herein we describe the development of a combination HIV-1 

derived vector targeting both CXCR4 message and protein via CXCR4 shRNA and 

intrabodies, respectively. 

A study by Bai et al.27 showed reduced infection from low titer dual-tropic 

HIV-1 infection in primary lymphocytes transduced with a retrovirus vector 

expressing combinatorial CCR5 and CXCR4 intrakines, RANTES and SDF-1 

respectively.  Similar to our CXCR4 intrabody, these intrakines were constructed with 
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the KDEL endoplasmic reticulum retention signal to block transport of chemokine 

receptors to the surface.  Herein we have shown that only primary CD4+ T cells 

expressing the CXCR4 HIV-1 derived combination vector, and not single shRNA or 

intrabody vectors, are resistant against free viral and dendritic cell-mediated X4- and 

dual-tropic HIV-1 infection.  This suggests that resistance from viral entry does not 

require complete knockdown of CXCR4, but rather considerable low levels of CXCR4 

on the cell surface during a high titer infection.  However, studies are underway to 

determine if the levels of CXCR4 disruption mediated by CXCR4 shRNA or 

intrabody expression alone may provide protection against X4- and dual-tropic HIV-1 

infection at lower levels of infection.  Furthermore, a small percentage of CD4+ T cells 

expressing the CXCR4 combination vector enriched considerably during the time 

course of dual-tropic HIV-1 infection, signifying that CXCR4 combination gene 

delivery can provide protection and enrichment during the pathogenic emergence of 

CXCR4-using HIV-1 variants. 

The absence of CXCR4 is embryonic-lethal in knockout mice and mimics the 

phenotype of the CXCR4 ligand, SDF-1, knockout mice with regards to 

developmental hematopoietic and cardiac defects.28  A major function of SDF-

1/CXCR4 signaling in the post-natal thymus is to mediate migration of progenitors 

from the bone marrow toward the thymic cortex to undergo T cell development.  

Studies have found that the SDF-1/CXCR4 signaling axis is absolutely critical to 

maintain proper T cell development in the thymus, and loss of CXCR4 expression 

leads to a block at the earliest double negative (CD4-/CD8-) stage of T cell 
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development.29-31  Therefore, the presence of CXCR4 in lymphocyte progenitors 

remains critical.  It may be beneficial to restrict gene delivery disruption of CXCR4 to 

the mature T cell population instead of progenitors in order to preserve proper 

development.  Upon transduction with our CXCR4 combination vector, we have 

shown that a low level of CXCR4 still resides on the cell surface of primary CD4+ T 

cells.  Whether or not this level of CXCR4 expression allows migration in response to 

SDF-1 remains to be investigated. 

In conclusion, combining different modalities in one lentiviral system has been 

quite advantageous with regards to reducing HIV-1 infection and a number of other 

therapies.32-37  Our study focused on the disruption of CXCR4 cell surface expression 

in order to prevent free viral and dendritic cell mediated dual- and X4-tropic HIV-1 

infection.  We found that only with expression of both a CXCR4 shRNA and 

intrabody expressed from one HIV-1 derived vector we could attain low levels of 

CXCR4 sufficient to protect from a robust HIV-1 infection.  Furthermore, we found 

that CXCR4 combination vector expression led to a growth and selective advantage in 

primary CD4+ T cells upon dendritic cell viral presentation.  This is the first display of 

an HIV-1 derived vector targeting the same gene product on the message (shRNA) and 

protein (intrabody) level.  The use of a CXCR4 combination vector may hold greater 

use besides HIV-1 anti-viral therapy, including metastatic cancers and hematopoietic 

progenitor mobilization, which are related to CXCR4/SDF-1 signaling.  Additionally, 

this type of HIV-1 combination vector may prove beneficial with regards to disrupting 

expression of highly expressed proteins. 
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MATERIALS AND METHODS 

 

Generation of the CGW SIN HIV Vector Series.  The CGW control vector was 

assembled by standard cloning techniques from the following elements: MND, 

myeloproliferative sarcoma virus LTR-negativecontrol region deleted; cPPT-CTS, 

polypurine tract � central terminating sequence; cIRES, cellular internal ribosome 

entry site; GFP, green fluorescent protein; SAR, IFN-b-scaffoldattachment region; and 

WPRE, woodchuck posttranslational regulatory element.  Vector backbone was 

derived from CS-PRE, a derivative of HIV-CS38 (kind gift of H. Miyoshi, University 

of Tsukuba, Japan) which has unique BamHI, SacII, EcoRI, XbaI, HpaI, and XhoI 

sites upstream of the WPRE.39  The MND LTR was cloned from the MND-HSPSV-

EGFP plasmid (kind gift of Don Kohn, USC School of Medicine, Children�s Hospital 

Los Angeles) and cloned into the BamHI site.  The 178-bp cPPT-CTS BamH1/Sma1 

fragment was amplified from HIV-1 molecular clone R8.40  The viral IRES and GFP 

fragment were cloned from plasmid pIRES2-EGFP (Clontech, BD Biosciences, 

Mountain View, CA).  The 800 bp 3' SAR element was cloned from plasmid pCL, 

introducing Xba1/Hpa1 sites.41,42  CGW-X4i: The humanized CXCR4 intrabody gene 

was cloned in a similar fashion as the CCR5 intrabody previously described by 

Steinberger, et al.43 and cloned into the EcoRI site upstream of the IRES-GFP 

fragment.  CGW-siX4: The CXCR4 shRNA sequence was obtained from Martinez, et 

al.3 and corresponds to coding regions +330 to +348 of CXCR4 

(GCAGUCCAUGUCAUCUACA) and PCR cloned into pCR-XL-TOPO vector 
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(Invitrogen) using the pTZU6+1hp plasmid (kindly provided by J.J. Rossi) as template 

and the following primers: forward  5�-GGATCCAAGGTCGGGCAGGAAGAGGG-

3� and reverse 5' � AGATCTAAAAAAGCAGTCCATGTCATCTA 

CATCTCTTGAATGTAGATGACATGGACTGCCGGTGTTTCGTCCTTTCCAC 

-3'.  The BamHI/BglII fragment was further subcloned 5� of the MND promoter into 

the CGW vector.  CGW-siX4/X4i: The EcoRI CXCR4 intrabody fragment from 

CGW-X4i was cloned into the CGW-siX4 vector. 

CGW, CGW-X4i, CGW-siX4, and CGW-siX4/X4i virion particles were produced by 

transient calcium phosphate co-transfection as previously described.38,44  Briefly, the 

CGW, CGW-X4i, CGW-siX4 and CGW-siX4/X4i transfer vectors (10 µg/dish) were 

co-transfected with the packaging construct pMDLg/pRRE (6.5 µg), pRSV-rev (2.5 

µg), and a VSV-G expression construct (3.5 µg) into 2x 106 293T cells.  Supernatant 

was harvested 24 and 48 hours later and concentrated 1000-fold by ultracentrifugation.  

Multiplicity of infection (MOI) was calculated based on titers classified as transducing 

units (TU)/ml by transducing 293T cells. 

 

Cell Culture and Vector Transduction.   PM1 T-cells were cultured in RPMI 

supplemented with 10% FBS, 1% PSG, and 1% HEPES and maintained in a 5% CO2 

incubator. Cells were transduced with the CGW, CGW-X4i, CGW-siX4, or CGW-

siX4/X4i vectors at an MOI of 1, 10, 25, or 50 overnight in the presence of 4 µg/ml 

polybrene, washed and cultured as described above. PM1 cells were sorted for GFP 

positivity two weeks post transduction via FACS. Peripheral blood lymphocytes 
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(PBLs) were isolated from blood via density gradient centrifugation using Ficoll-

Hypaque Plus (Amersham Biosciences, Sweden).  CD8+ cells were removed by 

positive selection using anti-CD8 magnetic microbeads (Stem Cell Technologies, 

Canada) and a Miltenyi magnetic column (Miltenyi Biotech, Germany).  CD4+ T cells, 

1 x 106 CD8-depleted PBLs/ml, were cultured in RPMI (10% FBS, 1% PSG, 1% 

HEPES) and activated with 5 µg/ml phytohemagglutinin (PHA) and 20 U/ml IL-2.  

After 2 days of activation, cells were transduced overnight with at an MOI 50 using 

CGW, CGW-X4i, CGW-siX4, or CGW-siX4 lentivirus in the presence of 4 µg/ml 

polybrene, washed and cultured in cRPMI with 20 U/ml IL-2.  Cells were sorted for 

GFP expression when noted and reactivated on day 9 of culture with 5 µg/ml PHA and 

20 U/ml IL-2 for 2 days.  After 2 days of reactivation, cells were cultured in with 20 

U/ml IL-2.  All cultures were maintained in a 37ûC humidified incubator containing 

5% C02. Immature dendritic cells (DC) were isolated from a healty donor via 

immunomagnetic cell sorting using anti-CD14+ microbeads (Stem Cell Technologies, 

Canada) and isolated on a Miltenyi magnetic column (Miltenyi Biotech, Germany).  

DC were cultured at 1 x 106 cells/ml in cRPMI plus 500 U/ml IL-4 and 800 U/ml GM-

CSF for 7 days.  Following 7 days of culture, DC were co-cultured at a 1:10 ratio with 

allogeneic CD4+ T cells (day 7 post-transduction), GFP positive transduced cells 

represented 20-30% of the total CD4+ T cell population. 

 

HIV-1 Infection.  GFP isolated PM1 cells were infected with 100 ng p24 X4-tropic 

mouse heat stable antigen (mHSA) reporter HIV-1 NL-r-HSAS or 100 ng p24 R5-
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tropic SF-162 in the presence of 4 µg/ml polybrene. On day 11 of culture, GFP 

positive primary CD4+ T-cells were infected with 500 ng p24 X4-tropic NL-r-HSAS 

or 500 ng p24 dual-tropic 89.6 in the presence of 4 µg/ml polybrene for 6 hours, 

washed, and cultured with 20 U/ml IL-2 as described above.  Supernatant was 

collected from PM1 and CD4+ T-cells during various time points to determine 

extracellular HIV-1 p24 concentration.  Culture medium containing infected cells was 

pelleted at 2000 rpm for 2 min.  Quantification of HIV-1 p24 antigen in cell-free 

supernatant was performed using the antigen capture ELISA test (Beckman Coulter) 

according to the manufacturer�s instructions.  On day 7 of DC culture, DC were pulsed 

with 500 ng p24 X4-tropic Nl-r-HSAS or LAI, 500 ng p24 dual-tropic BaL-1B, or 500 

ng p24 R5-tropic SF-162 viral supernatant for 2-6 hours and washed thoroughly three 

times with PBS before co-culture with allogeneic CD4+ T-cells. 

 

Flow Cytometry Analysis. Flow cytometry analysis was performed on PM1 and 

CD4+ T-cells stained with CXCR4 PE (BD Pharmingen, San Diego, CA) and mHSA 

FITC (eBioscience, San Diego, CA).  To determine intracellular HIV-1 p24 

expression in CD4+ T-cells, cells were fixed in 2% paraformaldehyde for 30 minutes 

at 4ûC then permeablized with 2% TWEEN for 10 minutes at room temperature. 

Intracellular HIV-1 p24 expression was determined by flow cytometry analysis using 

HIV-1 p24 PE (Beckman Coulter, Fullerton, CA). 
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CHAPTER 4 

 

CYCLOPHILIN A INDEPENDENT LENTIVIRAL VECTORS EFFICIENTLY TRANDUCE 

HUMAN AND NON-HUMAN PRIMATE CELLS 
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PREFACE 

 

Our HIV-1 vector delivered coreceptor disruption mechanisms are excellent 

tools to shed light on the relationship with HIV-1 coreceptors levels and HIV-1 entry.  

Therefore we wanted to pursue the rhesus macaque simian immunodeficiency virus 

(SIV) model to determine how these vectors can help gain insight into HIV-1 

pathogenesis and gain a greater understanding of co-receptor levels during an in vivo 

HIV-1 infection. 

SIV infection within rhesus macaques is comparable to what is seen with 

human HIV-1 infection.1  In addition to high levels of viremea during R5-tropic SIV 

infection, memory T cell depletion is evident in peripheral blood, and mucosal 

surfaces in the intestine, lung, and reproductive tracts.2,3  Furthermore, X4-tropic SIV 

infection leads to naïve T cell depletion in peripheral blood, lymph nodes, and 

thymocytes.4  Due to these similarities, the rhesus macaque SIV model has become an 

excellent model to study HIV/AIDS pathogenesis and potential therapeutics.   

In order to efficiently express our HIV-1 derived gene delivery vectors in non-

human primate cells, we needed to modify the HIV-1 capsid protein to overcome the 

species-specific post-entry barrier.  Chapter 4 describes the results obtained from the 

modifications we made to our gag/pol packaging construct in an attempt to overcome 

these post-entry blocks in non-human primate cells. 
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INTRODUCTION 

 

The ability to deliver genes into hematopoietic stem cells via HIV-1 derived 

vectors holds promise for many therapeutic opportunities. In vivo HIV-1 infection 

models are limited.  The NOD/SCID-hu mouse is an excellent model to study thymic 

function and HIV-1 thymic depletion.  However, to better understand HIV-1 

pathogenesis in humans, animals closer in evolutionary terms are more useful than 

mice.  The rhesus macaque simian immunodeficiency virus (SIV) model recapitulates 

the pathology seen in human HIV-1 infection.5  Unfortunately, HIV-1 infection or 

transduction with a HIV-1 derived vector undergoes a post-entry restriction when 

introduced into rhesus macaque cells.6  The target for rhesus macaque endogenous 

restriction factors lies within the HIV-1 capsid protein (CA).7  Incorporation of 

approximately one cyclophilin A (CypA) molecule per ten CA monomers occurs via 

binding to an exposed proline rich loop found on CA aa residues 85-93.8  The 

functions of CypA with regards to HIV-1 infectivity in humans are still under 

investigation.   

Cyclophilins, in general, are characterized as prolyl cis-trans isomerases and 

have been characterized as sequence-specific proteins chaperones as well.9  In vitro, 

CypA has been shown to catalyze the cis-trans isomerization of the G89/P90 peptides 

bond in the CA CypA-binding loop.10  It is still unclear weather this activity has any 

effect on viral infectivity.11,12  However, is it well characterized that incorporation of 

CypA into the HIV-1 CA during HIV-1 infection in human cells is necessary for post-

viral entry events which lead to subsequent viral RNA reverse transcription and 
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proviral integration.13,14  Furthermore, HIV-1 infection in human cells is severely 

impaired upon the addition of cyclosporine A (CsA), which binds CypA, or the 

mutations in the CA CypA binding site.15  This leads to the hypothesis that CypA 

incorporation into CA helps protect CA from endogenous restriction factors and 

thereby allows proper uncoating of the viral core.  

Conversely, CsA treatment or mutation of the CypA binding site in the HIV-1 

CA promotes infection or HIV-1 derived vector transduction in non-human primate 

cell lines.15  It has been hypothesized that the incorporation of CypA into HIV-1 CA 

may allow for non-human primate endogenous restriction factors, such as TRIM5α, to 

bind to the incoming capid and prevent viral infection.  In New World monkeys, such 

as the owl monkey, a retrotransposition of the CypA gene into the Trim5 locus created 

a chimeric TRIM-Cyp fusion protein.16,17  Interestingly, incorporation of TRIM-Cyp 

into the incoming HIV-1 capsid in owl monkey kidney (OMK) cells restricted 

infection post-entry.  However, in Old World monkeys, such as the rhesus macaque, a 

TRIM-Cyp fusion protein does not exist. 

The HIV-1 post-entry block in non-human primate cells has made testing HIV-

1 derived vectors for gene delivery in the rhesus macaque model extremely difficult.18  

Two studies have overcome this block by creating a lentiviral vector with an SIV 

backbone or by replacing the CypA binding region of HIV-1 CA with that of another 

that is independent of CypA incorporation.18,19  These modified vectors were then 

capable of transducing primary non-human primate cells.  In the former report, 
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however, the SIV backbone vector drastically reduced transduction efficiency in 

human cells. 

Recently, a report by Chatterji et al. discovered naturally occurring HIV-1 

capsid motifs that are independent of CypA incorporation while under selection of a 

non-immunosuppressive CsA analog, Debio 25 (D25).20  Their findings showed how 

mutations in specific residues within the CypA binding region of CA 

(V86P/H87Q/I91V/M96I), although still able to incorporate CypA,  rendered HIV-1 

capable of infecting human and non-human primate cells efficiently, even in the 

presence of D25.  Figure 4.1 depicts the quadruple (V86P/H87Q/I91V/M96I) CA 

mutant along with the G89V mutant, which completely abrogates CypA incorporation. 

We asked if these capsid mutations could be used in our HIV-1 lentiviral gag/pol 

packaging system in order to efficiently transduce non-human primate cells and allow 

us to test the efficiency of our CCR5 intrabody in the rhesus macaque SIV animal 

model. 

 

 
 

 

Figure 4.1:  HIV-1 CypA binding site CA mutations.  The G89V capsid mutation21

completely abrogrates CypA incorporation into the capsid.  The quadruple
V86P/H87Q/I91V/M96I CA mutation20 is able to incorporate CypA, yet is not dependent
upon CypA incorporation for HIV-1 infectivity in human cells. 
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RESULTS 

 

Cyclophilin A independent vectors transduce non-human primate cell lines.  Our 

previous work using a HIV-1 vector containing a CCR5 intrabody demonstrated 

disruption of CCR5 from the cell surface, while providing protection, and enrichment 

of CD4+ T cells against R5-tropic HIV-1 challenge.  To test CCR5 intrabody gene 

delivery in a non-human primate model, it is necessary to develop a vector capable of 

overcoming the species-specific post-entry blocks HIV-1 undergoes in non-human 

primate cells.  We therefore cloned the HIV-1 CA G89V CypA binding mutant and 

V86P/H87Q/I91V/M96I CypA independent region20,21 into the HIV-1 gag/pol 

packaging vector used for CGWwt, CGW1X (CGWG89V), and CGW4X 

(CGWV86P/H87Q/I91V/M96I) GFP reporter HIV-1 vector preparation (Figure 4.2).  Viral 

titer was determined by HIV-1 p24 capsid concentration via ELISA. 

 

 

 

 

 

 

 

 

 
Figure 4.2: GFP reporter CGW vector and wild type and CA mutant gag/pol
packaging constructs.  
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 In order to determine how the CGWwt, CGW1X , CGW4X HIV-1 vectors 

transduce non-human primate cells, African green monkey kidney cells (Vero) and 

rhesus macaque kidney cells (sMAGI) were transduced with 2 ng p24 of each vector 

overnight in the presence of 4 µg/ml polybrene.  Human kidney 293T cells served as a 

positive transduction control.  Figure 4.3 displays the percentage of GFP positive cells 

five days post transduction.  The CGWwt and CGW1X vectors failed to transduce the 

non-human primate Vero and sMAGI cell lines, whereas the CGW4X vector had a 3 to 

9-fold increase in GFP expression.  Additionally, the percentage of GFP positive cells 

in the Vero and sMAGI cell lines transduced with the CGW4X vector was similar to 

what was obtained by the CGWwt vector transduction in human 293T cells.  As 

expected, the CGW1X vector was unable to transduce human 293T cells due to the lack 

of CypA incorporation caused by the G89V mutation.  In contrast, the CGW4X vector 

yielded nearly 20% higher GFP expression than what was seen in the CGWwt vector 

transduction. Taken together, these data indicate the CGW4X vector overcomes the 

species-specific post-entry block and is capable of transducing non-human and human 
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Figure 4.3: The CGW4X vector is able to overcome the species-specific post-entry block and 
transduce non-human primate cells.  Human 293T cells and non-human primate Vero and 
sMAGI cell lines were transduced with 2 ng p24 CGWwt, CGW1X, or CGW4X HIV-1 vectors. 
Cells were analyzed by flow cytometry five days post-transduction for GFP expression. 
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primate cell lines efficiently. 

 

The CGW4X HIV-1 vector transduces human T cell lines and primary CD4+ T 

cells more efficiently than the CGWwt vector, but does not transduce rhesus 

macaque primary CD4+ T cells.  The results from the 293T transduction with 

regards to the higher level of GFP expression from the CGW4X vector transduction 

prompted us to explore different human cell lines and primary cells.  In order to 

determine CGW4X vector transduction efficiency in human HIV-1 target cells, a series 

of human T cell lines were tested.  PM1, Sup-T1, MT2 and H9 human T cell lines 

were transduced overnight with 20 ng p24 of CGWwt, CGW1X, or CGW4X HIV-1 

vectors overnight in the presence of 4 µg/ml polybrene.  Figure 4.4a depicts GFP flow 

cytometry analysis five days post-transduction.  Once again, higher GFP expression is 

obtained from the CGW4X vector when compared to CGWwt or CGW1X vectors.  

Additionally, when transduced into primary CD4+ T cells at various levels of p24 

input, the percentage of GFP positive cells is highest in cells transduced with the 

CGW4X vector (Figure 4.4b).  Over a 5-fold increase in GFP expression is obtained 

from the CGW4X vector at 2 ng p24 as compared to the wild type vector.  Interestingly, 

the percentage of GFP positive CGW4X primary CD4+ T cells remains relatively 

constant (45-50%) at all levels of p24 input, suggesting the maximum level of GFP 

expression is reached with the lowest transduction level of 2 ng p24.  Therefore the 

quadruple capsid mutant CGW4X vector is able to transduce human T cells with 
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greater efficiency, thereby achieving a higher percentage of positively transduced cells 

with less viral input. 

 

 

 

  

 

 In order to determine the transduction efficiency in SIV target cells, rhesus 

macaque primary CD4+ T cells were transduced with 50, 100, or 200 ng p24 CGWwt, 

CGW1X, and CGW4X vectors overnight in the presence of 4 µg/ml polybrene on day 0, 

1, 2, 4, 5, or 6 of culture following OKT3/αCD28 activation.  GFP expression was 

determined 4 days post-transduction via flow cytometry.  Interestingly, no or very 

little (<7%) GFP positive cells were seen with any vector at any time point at all viral 

input levels (data not shown).  Therefore, these HIV-1 CypA binding site CA 

mutations do not abrogate the post-entry restriction in rhesus macaque primary T cells, 

Figure 4.4: The CGW4X vector transduces human T cells with a greater efficiency than 
the CGWwt vector.  a) Human T cell lines were transduced with 20 ng p24 of CGWwt, 
CGW1X, and CGW4X vectors overnight in the presence of 4 µg/ml polybrene.  Five days later 
cells were analyzed for GFP expression via flow cytometry analysis.  b) Primary human CD4+ 
T cells were isolated and activated for two days prior to transduction with 2, 10, or 50 ng p24
of CGWwt, CGW1X, and CGW4X vectors.  Cells were transduced overnight in the presence of 4
µg/ml polybrene and GFP expression was analyzed 5 days post transduction via flow
cytometry analysis. 
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even though the quadruple mutant is quite efficient in rhesus macaque sMAGI kidney 

cell line.  

 

The quadruple CA mutant is independent of CypA incorporation during human 

T cell transduction.  As previously mentioned, the study by Chatterji et al.20 

discovered the quadruple V86P/H87Q/I91V/M96I CA mutation while under selection 

of a CsA analog, Debio 25 (D25).  In order to ascertain if the quadruple CA mutation 

retains CypA independence in our HIV-1 lentiviral system, human PM1 and H9 T cell 

lines were transduced overnight with 10 ng p24 CGWwt, CGW1X, and CGW4X vectors.  

Additionally, these cells were cultured in the presence or absence of 0.5 µM D25 

during transduction in order to prevent CypA incorporation in to the HIV-1 CA.  

Figure 4.5 depicts GFP expression in the PM1 and H9 T cell lines five-days post-

transduction.  The addition of D25 to the PM1 and H9 transduction cultures had a 

dramatic effect on CGWwt vector transduction efficiency with a 3 to 4-fold reduction 

in the percentage of GFP positive cells.  As expected, the CGW1X vector failed to 

transduce either T cells in the presence or absence of D25 due to the lack of the G89V 

mutation to incorporate CypA.  Transduction with the CGW4X vector in the absence of 

D25 produced a higher percentage of GFP postive cells than the CGWwt vector 

transduction without D25, following the same trend as seen in previous transductions.  

The presence of D25, however, did hinder the transduction efficiency of the CGW4X 

vector, although a considerable level of GFP positive cells was obtained, about a 1.3 to 

2-fold reduction.  Thereby suggesting that the CGW4X vector can still transduce 
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human cells in the absence of CypA incorporation, albeit at lower levels of 

transduction efficiency, whereas the CGWwt vector cannot. 

 

Figure 4.5: The CGW4X vector circumvents CypA dependency during human T cell transduction.  
PM1 and H9 T cell lines were transduced with 10 ng p24 of CGWwt, CGW1X, or CGW4X vectors 
overnight in the presence of 4 µg/ml polybrene.  Additionally, cells were cultured in the presence or 
absence of 0.5 µM D25 during transduction.  GFP expression was determined five days post 
transduction via flow cytometry analysis. 
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DISCUSSION 

 

HIV-1 recruits a number of host cell factors that enhance viral infectivity in 

target cells.  Cyclophilin A (CypA), a 19kD peptidyl-prolyl cis-trans isomerase, was 

originally identified as the cytosolic binding protein to the drug cyclosporine A 

(CsA).22  CypA was found to incorporate into HIV-1 virions, specifically the HIV-1 

capsid (CA) protein.14,23,24  Furthermore, it was determined that if the CypA 

interaction with HIV-1 was abrogated by CsA or by mutations of the CA CypA 

binding site, HIV-1 infectivity was significantly reduced.7   Interestingly, the opposite 

holds true with regards for HIV-1 infection in non-human primates.  The CypA and 

HIV-1 CA interaction renders a post-entry species-specific block in non-human 

primate cell lines that is reversed upon introduction of CsA.15   

An additional post-entry restriction factor has been determined with rhesus 

macaque HIV-1 infection.  Rhesus macaque TRIM5α, a member of the TRIM family 

of proteins, also targets HIV-1 CA and blocks HIV-1 infection post-entry, pre-reverse 

transcription.25  Rhesus macaque TRIM5α expression in human cells also prevents 

HIV-1 infection, whereas the human TRIM5α homologue has no antiviral activity.  

The mechanism by which rhesus TRIM5α blocks HIV-1 infection, and whether it is 

dependent upon CypA, remains to be determined. 

Recently, a study by Berthoux et al.26 helped uncovered the relationship CypA 

CA incorporation has with TRIM5α. siRNA against rhesus macaque CypA or 

TRIM5α increased HIV-1 infection in rhesus macaque cell lines, with a slight 
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additional increase in infection when both messages were targeted.  Furthermore, this 

study revealed that CypA does not bind to TRIM5α, and suggests that incorporation of 

CypA into HIV-1 CA allows for subsequent binding of TRIM5α to the HIV-1 CA by 

introduction of an allosteric or conformational change in the CA surface.   

It is important to note that these studies primarily use non-human primate cell 

lines to determine HIV-1 CA interactions with endogenous restriction factors.  The 

majority of the cell lines are fibroblast in nature, either derived from kidney, lung, or 

heart tissue.  However, our proposed target for HIV-1 vector gene delivery is 

hematopoietic stem cells and CD4+ T cells, and unfortunately, these do not exist as 

transformed cell lines.  Therefore, we wanted to determine if a previously 

characterized CypA independent CA motif20 could enhance our HIV-1 derived 

lentiviral system to efficiently transduce primary rhesus macaque CD4+ T cells.  As 

described in Chatterji et al.,20 the quadruple V86P/H87Q/I91V/M96I HIV-1 CA 

mutation allowed for moderate HIV-1 infection in OMK cells, and infection was 

increased in the presence of D25.  Additionally, the quadruple CA mutation allowed 

for considerable HIV-1 infection in human cells, either in the presence or absence of 

D25.  We hypothesized that a HIV-1 derived vector packaged with the quadruple 

V86P/H87Q/I91V/M96I CA mutation would allow for efficient human and non-

human primate transduction. 

We found that the V86P/H87Q/I91V/M96I CA HIV-1 GFP vector CGW4X, 

was able to efficiently transduce rhesus macaque sMAGI cells and African green 

monkey Vero cells, where as the wild type CGWwt vector and the G89V CA mutant, 



 

 

108

which abrogates CypA incorporation, CGW1X vector did not.  Furthermore, the 

CGW4X vector was able to obtain a higher percentage of GFP positive cells in the 

human 293T cell line when compared to CGWwt.  Moreover, this trend was also seen 

in CGW4X vector transduced human T cell lines and primary CD4+ T cells.  How the 

V86P/H87Q/I91V/M96I CA mutation in the CGW4X vector promotes a higher 

transduction efficiency remains to be investigated, although one possibility may be 

that the resulting conformation in the CypA binding loop may allow for a higher 

affinity between CypA and CA, which may in turn provide a greater protection from 

endogenous restriction factors which may contribute to an increase in capsid uncoating 

kinetics.  

Although the CGW4X vector was able to transduce sMAGI and Vero cell lines, 

transduction of CGWwt, CGW1X, or CGW4X vectors in rhesus macaque primary CD4+ 

T cells was not successful.  This may suggest that CypA incorporation (CGWwt and 

CGW4X), or lack of incorporation (CGW1X), does not play a direct role in HIV-1 post-

entry events in rhesus macaque primary CD4+ T cells, and other endogenous 

restriction factors independent or dependent on CypA/CA interactions, i.e. TRIM5α, 

may target the incoming capsid.  Whether or not these restriction factors can be 

saturated with non-integrating viral particels prior to CGW transduction in order to 

allow for the CGW CA mutant vectors to efficiently transduce primary rhesus 

macaque CD4+ T cells remains to be examined.27  Further investigation may reveal a 

function for TRIM5α and CypA HIV-1 post-entry restriction in rhesus macaque 

primary cells. 
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MATERIALS AND METHODS 

 

CGWwt, CGW1x, and CGW4X Cyclophilin A Independent Self-Inactivating HIV-1 

Vector Construction: The G89V and V86P/H87Q/I91V/M96I mutant CA genes from 

HIV-1 provirus pNL-GFP (kind gift of Philippe Gallay, TSRI) contained unique PstI 

sites within the gag/pol gene, which were cloned into the gag/pol packaging construct 

(pMDL/gRRE) used for CGW GFP reporter HIV-1 vector construction (Figure 4.2).   

Cloning strategy of the CGW vector is described in Chapter 3.  CGWwt, 

CGW1X (CGWG89V), CGW4X (CGWV86P/H87Q/I91V/M96I) virion particles were produced 

by transient calcium phosphate co-transfection as previously described28,29.  Briefly, 

the CGW transfer vectors (10 µg/dish) were co-transfected with the packaging 

construct pMDLg/pRREwt, pMDLg/pRREG89V, or pMDLg/pRREV86P/H87Q/I91V/M96I 

respectfully (6.5 µg), pRSV-rev (2.5 µg), and a VSV-G expression construct (3.5 µg) 

into 2 x 106 293T cells.  Supernatant was harvested 24 and 48 hours later and 

concentrated 1000-fold by ultracentrifugation.  Viral titer was based on HIV-1 p24 

capsid concentration using the antigen capture ELISA test (Beckman Coulter) 

according to the manufacturer�s instructions. 

 

Cell Culture:  Human 293T cells (a kind gift of CellGenesys, San Francisco, CA), 

and non-human primate OMK, sMAGI, and Vero cells (kind gift of Philppe Gallay, 

TSRI) were cultured in DMEM containing 10% fetal bovine serum (FBS), 10mM 
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HEPES, and antibiotics (GIBCO/BRL) and maintained in a humidified 37ûC incubator 

containing 10% C02. 

Human PM1, SupT1, MT2, and H9 T cells were cultured in RPMI 1640 

containing 10% FBS, 10mM HEPES, and antibiotics (cRPMI) and passaged every 3 

days. All cell lines were maintained in a 37ûC humidified incubator containing 5% 

C02. 

Human peripheral blood lymphocytes were isolated from blood via density 

gradient centrifugation using Ficoll-Hypaque Plus (Amersham Biosciences, Sweden).  

CD8+ cells were removed by positive selection using anti-CD8+ magnetic microbeads 

(Stem Cell Technologies, Canada) and a Miltenyi magnetic column (Miltenyi Biotech, 

Germany) as per the manufacturer�s protocol.  1 x 106 CD8-depleted PBLs/ml were 

cultured in cRPMI and activated with 5 µg/ml phytohemagglutinin (PHA) and 20 

U/ml IL-2.  After 2 days of culture, cells were washed and cultured in cRPMI with 20 

U/ml IL-2.  All cultures were maintained in a 37ûC humidified incubator containing 

5% C02. 

CD34+ human embryonic cord blood cells were selected using anti-CD34+ 

magnetic microbeads (Stem Cell, Canada) and isolated on a Miltenyi magnetic column 

(Miltenyi Biotech, Germany) as described.29  CD34+ cells were cultured at 4.5 x 106 

cells/ml in IMDM, 10% bovine serum albumin, insulin, and transferrin (BIT) (Stem 

Cell, Canada), 1% FBS, 50 ng/ml Thrombopoietin (TPO), 50 ng/ml stem cell factor 

(SCF), 20 ng/ml IL-6, 100 ng/ml FLT-3, antibiotics, and 1 µM β-mercaptoethanol for 
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vector transduction purposes.  All cultures were maintained in a 37ûC humidified 

incubator containing 5% C02. 

Thoracic duct canulated cells were obtained from a healthy rhesus macaque.  

Cells were enriched for CD4+ T cells by depletion of CD8+ T cells via Dynal IgG 

magnetic beads coated with CD8 Ab.  CD4+ T cells were activated with anti-

CD3/CD28 Dynal beads at a ratio of 3 beads:1 cell.  500,000 cells/well were cultured 

in a 48 well plate in R10 Media (RPMI, 1% sodium pyruvate, 1% PSG, 1% 

amphotrocin B, 5% FCS, 50uM BME) + 40 U/ml IL-2. 

 

HIV-1 Vector Transduction.  All human and non-human primate cell lines were 

transduced in the presence of 4 µg/ml polybrene with selected p24 input levels of 

CGWwt, CGW1X , CGW4X vector overnight, washed, and maintained as described 

above.  When mentioned, human T cell lines were also transduced in the presence of 

0.5 µM Debio 25 (D25).  Primary human CD8-depleted T cells were transduced with 

the CGWwt, CGW1X , CGW4X vector at selected p24 input levels on day 2 of culture 

overnight in the presence of 4 µg/ml polybrene.  Cells were washed and cultured in 

complete RPMI with 20 U/ml IL-2 as described above.  Primary human CD34+ 

hematopoietic stem cells were transduced with selected p24 input levels of CGWwt, 

CGW1X , CGW4X vector overnight on day 1 of culture in the presence of 4 µg/ml 

polybrene.  Cells were washed and cultured in IMDM supplemented with 50 ng/ml 

SCF, 10 ng/ml G-CSF, 50 ng/ml IL-3, 10 ng/ml IL-6, 1% antibiotics, and 10% FCS.  
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All above transductions were analyzed day 5 post transduction for the presence of 

GFP positive cells on the Becton Dickinson FACScan using CELLQUEST software. 

 Primary rhesus macaque CD4+ T cells were transduced on day 0, 2, 4, 5, or 6 

following activation with 50, 200, or 500 ng p24 CGWwt, CGW1X , or CGW4X vectors 

overnight in the presence of 4 µg/ml polybrene.  Cells were washed the next day and 

cultured as described above.  GFP expression was determined four days post 

transduction on the Beckton Dickinson LSR II using FlowJo software. 
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CONCLUSIONS AND FUTURE DIRECTIONS 
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CONCLUSIONS 

  

 The development of HIV-1 gene delivery vectors combined with anti-HIV-1 

mechanisms has great potential to uncover pathobiological paradigms.  The primary 

focus of this thesis was to disrupt HIV-1 entry, and by doing so, investigate 

dependencies of HIV-1 co-receptor expression levels by HIV-1.  HIV-1 vector gene 

delivery of CCR5 and CXCR4 intrabody and/or shRNA was a useful tool to moderate 

levels of coreceptor.  The two HIV-1 coreceptors, CCR5 and CXCR4, have different 

phenotypic characteristics on adult lymphocyte cells.  For example, CCR5 is primarily 

present on the memory subset, where CXCR4 is present on the naïve CD4+ T cell 

subset, and in general, CXCR4 expression levels are higher than CCR5.  Furthermore, 

it seems lack of CCR5 systemic expression is tolerated in individuals and CXCR4 

expression is essential.   

 In efforts to disrupt CCR5 expression, a CCR5 intrabody HIV-1 vector was 

developed.  The HIV-1 gp120 envelope has a high affinity for CCR5, often below 

10nM.1  It is therefore necessary to limit levels of CCR5 to prevent HIV-1 entry into 

CD4+ T cells.  Platt et al.2 determined that when CD4 levels are low, R5-tropic HIV-1 

can gain entry with 1-2 x 104 CCR5 molecules/cell.  Conversely, less than 2 x 103 

CCR5 molecules/cell are needed for HIV-1 entry when CD4 levels are high.  CCR5 

lymphocyte expression can vary up to a 5-fold between individuals.3  The memory T 

cell subset can have up to 1.4 x 104 CCR5 molecules/cell.3 Upon expression of the 

CCR5 intrabody in primary CD4+ T cells, CCR5 expression is dramatically reduced to 

levels barely detectable by flow cytometry.  Additionally, CCR5 intrabody expressing 
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CD4+ T cells are protected against high titer R5-tropic infection.  Delivery of the 

CCR5 intrabody vector into CD34+ fetal liver stem cells reconstituted human 

thymocytes in the NOD/SCID-hu thy/liv model.  Human thymocytes express low 

levels of CCR5.4  Upon ex vivo activation to upregulate CCR5 expression and HIV-1 

challenge, transduced T cell derived thymocytes were protected against R5-tropic 

infection.  

In my studies, it became clear that nearly complete cell surface disruption of 

CCR5 expression can be achieved by a CCR5 intrabody, whereas disruption of 

CXCR4 expression required a combination approach of both CXCR4 intrabody and 

shRNA. Primary CD4+ T cells expressing the combination vector were ~40% positive 

for CXCR4 expression.  The level of CXCR4 available per cell, however, was greatly 

reduced by 7-fold.  This decreased level of CXCR4 cell surface expression was 

required to prevent X4-tropic HIV-1 entry.  It may also be inferred that complete 

knockdown of CXCR4 is not necessary to prevent X4-tropic HIV-1 entry due to the 

lower gp120 binding affinity for CXCR4 (200-500nM).5,6 

Studies determined that the prevalence for dual-tropic HIV-1 isolates in treated 

and treatment naïve HIV-1 infected individuals is relatively high, about 20%.7,8  Yi et 

al. reported the preferential use of CXCR4 by dual-tropic HIV-1 variants during 

primary CD4+ T cell infection, even though they retain the ability to use CCR5 in 

macrophage and T cell culture.9  We determined that only upon expression of the 

CXCR4 combination vector primary CD4+ T cells were protected against dual-tropic 

HIV-1 challenge.  Like X4-tropic isolates, protection from dual-tropic HIV-1 infection 

required very low levels of CXCR4/cell.   
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In a therapeutic gene delivery setting, it is likely that a fraction of the total 

target population will be transduced.  Therefore, it is important HIV-1 anti-viral 

strategies protect and allow enrichment of T cell populations during infection.  In 

addition to free viral challenge, dendritic cell-mediated transmission increases viral 

kinetics and spread in CD4+ T cell populations via formation of a highly infectious 

immune synapse.10,11  Interestingly, a small percentage of CD4+ T cells expressing the 

CCR5 intrabody or CXCR4 combination vector are protected and exhibit a selective 

growth advantage and enrich during a dendritic cell mediated HIV-1 challenge.  

Taken together, HIV-1 coreceptor cell surface levels were disrupted via HIV-1 

vector gene delivery of specific intrabodies and/or shRNA.  These vectors were used 

as tools to investigate HIV-1 viral entry and for potential salvage therapeutics.   

Testing these HIV-1 vectors in the rhesus macaque large animal would help 

determine T cell function and reliance on the CCR5 and CXCR4 coreceptors during 

SIV infection.  Due to the species-specific block imposed on the incoming HIV-1 

capsid by CypA, modifications to the gag/pol HIV-1 vector packaging system were 

made.  Although transduction of non-human primate cell lines were able to be 

transduced with the modified capsid vector, primary rhesus macaque CD4+ T cells 

were not.  It may be suggested that the capsid modification, although independent of 

CypA incorporation, still encounters endogenous restriction factors.  Future endeavors 

described below will attempt to determine the necessary HIV-1 capsid modifications 

to overcome the species-specific block in rhesus macaque primary T cells. 
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FUTURE DIRECTIONS 

 

The quest to transduce rhesus macaque primary T cells with our HIV-1 derived 

vector still remains.  With help from our collaborators Dr. Louis Picker at the Oregon 

Health and Sciences University Primate Center and Dr. Joseph Sodroski at the Dana-

Farber Cancer Institute in Harvard University, we are now in the process of testing 

different HIV-1 CA mutations as well as the SIV CA in our gag/pol packaging vector. 

 As mentioned previously in Chapter 4, a study by Koostra et al.12 developed a 

HIV-1 derived vector capable of transducing primary baboon CD34+ cells.  

Interestingly, the CA mutation in this report was similar to our quadruple 

V86P/H87Q/I91V/M96I CA mutation, and was also independent of CypA 

incorporation.  Although, the CA mutant HIV-1 vector described in this study was 

successful in transducing primary baboon hematopoietic progenitors, it was not tested 

on primary rhesus macaque T cells, which may be promising for future investigations. 

 Another study by Owens et al.13 revealed a set of mutants in the HIV-1 capsid 

that are able to overcome the non-human primate post-entry restriction.  Intriguingly, 

these mutations did not lie within the CypA binding site but rather on helices 3 and 6, 

which lie outside of the CypA binding loop (Figure 5.1).  Specifically the 

Q50Y/T54Q/Q112D (YQD) mutant was able to allow productive infection of rhesus 

macaque primary macrophages. Furthermore, the YQD mutation still incorporated 

CypA, however it is also independent of CypA incorporation during human and non-

human cell line HIV-1 infection.  Studies with the YQD CA are underway to 
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determine if this mutation will allow efficient HIV-1 vector transduction in rhesus 

macaque CD4+ T cells. 

 

 

Figure 5.1: CypA independent CA mutations.  Left � HIV-1 capsid monomer with the Helix 3/6 
ridge, CypA binding loop, and interdomain linker highlighted.  Right � V86P/H87Q/I91V/M96I capsid 
mutation14 (black) represent the quadruple CA mutant studied in Chapter 5.  Q50Y/T54Q/Q112D 
mutation (red) represent the CA mutation from Owens, et al.,13 which lie in the Helix 3/6 ridge outside 
of the CypA binding loop. (Figure adapted from Owens, et al. 2004) 
 
 Once we are successful in constructing a vector that will efficiently transduce 

rhesus macaque primary CD4+ T cells, experiments with the CCR5 intrabody vector 

will be underway with primary rhesus macaque CD4+ T cells.  If we achieve the same 

results as the human in vitro studies (Chapter 2), then we will move forward with 

rhesus macaque in vivo studies at the Oregon Health and Sciences University, Louis 

Picker laboratory.  There we will harvest CD4+ T cells from healthy rhesus macaques, 

transduce them with the CCR5 intrabody vector, and re-infuse the transduced CD4+ T 

cell population in to the rhesus macaque.  Rhesus macaques will undergo challenge 

with SIV to determine if CCR5 disruption mediated by CCR5 intrabody expression 

provides a protective and selective advantage to transduced CD4+ T cells. 
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In conclusion, we have developed and studied successful genetic mechanisms 

to investigate HIV-1 entry pathogenesis and prevent HIV-1 entry in human CD4+ T 

cells.  We have determined that in the case of CCR5, almost complete disruption is 

required to prevent HIV-1 infection and allow T cell survival and enrichment over 

time in the presence of cell-mediated infection.  However, viral entry prevention from 

X4-tropic and dual-tropic isolates does not necessarily require complete disruption of 

CXCR4.  We determined that very low levels of CXCR4 expression per cell was 

sufficient to provide T cells with a protective and selective growth advantage.  By 

means of HIV-1 derived vector gene delivery, we can stably express these 

mechanisms in hematopoietic stem cells and primary CD4+ T cells.  In order to fully 

understand how these vectors impact CCR5 and CXCR4 dependence during infection, 

we are pursuing the rhesus macaque SIV model.  Promising experiments are underway 

to overcome these species-specific post-entry restriction blocks that prevent an 

efficient HIV-1 vector transduction.  
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APPENDIX 

 

ATTENUATION OF HIV-1 REPLICATION IN PRIMARY HUMAN CELLS WITH A 

DESIGNED ZINC FINGER TRANSCRIPTION FACTOR 
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PREFACE 

 

This appendix is a collaborative study with the Barbas laboratory, which lead 

to a published manuscript in the Journal of Biological Chemistry.  The majority of my 

thesis concentrated on viral entry disruption, however, this manuscript describes the 

construction of a zinc finger specific for the HIV-1 LTR.  The unique HIV-1 LTR 

specific zinc finger contains the effector KRAB repression domain in order to 

abrogate expression of the HIV-1 viral genome. 
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ABSTRACT 

 

Small molecule inhibitors of human immunodeficiency virus, type 1 (HIV-1) 

have been extremely successful but are associated with a myriad of undesirable effects 

and require lifelong daily dosing. In this study we explore an alternative approach, that 

of inducing intracellular immunity using designed, zinc finger-based transcription 

factors. Three transcriptional repression proteins were engineered to bind sites in the 

HIV-1 promoter that were expected to be both accessible in chromatin structure and 

highly conserved in sequence structure among the various HIV-1 subgroups. Transient 

transfection assays identified one factor, KRAB-HLTR3, as being able to achieve 100-

fold repression of an HIV-1 promoter. Specificity of repression was demonstrated by 

the lack of repression of other promoters. This factor was further shown to repress the 

replication of several HIV-1 viral strains 10- to 100-fold in T-cell lines and primary 

human peripheral blood mononuclear cells. Repression was observed for at least 18 

days with no significant cytotoxicity. Stable T-cell lines expressing the factor also do 

not show obvious signs of cytotoxicity. These characteristics present KRAB-HLTR3 

as an attractive candidate for development in an intracellular immunization strategy 

for anti-HIV-1 therapy. 
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INTRODUCTION 

 

 Despite stunning advances in the treatment of HIV-11 disease achieved with the 

introduction of highly active antiretroviral therapy (HAART), virus resistance, 

toxicity, side-effects of the drug mixture, and patient compliance are problematic for a 

significant percentage of the patient population (Ref. 1 and references therein). 

Although the antiviral effects of HAART therapy are often immediate and profound, 

virus is not eliminated, and one or more reservoirs of latently infected cells persist 

even in patients that show no detectable viral load for sustained periods during 

treatment (2, 3). Typically, virus replication rebounds rapidly after drug withdrawal, 

making HAART therapy a life-long treatment. These results underscore the 

importance of developing adjunct strategies of retarding viral entry and/or inhibiting 

of viral replication. One potential strategy involves the genetic modification of cells to 

endow them with viral resistance via gene delivery. If the primary target cells of HIV-

1 can be genetically engineered to express antiviral genes continuously and without 

toxicity, such cells might escape virus destruction, immune impairment, and 

preferentially expand in vivo. In particular, intracellular "immunization" of CD34 stem 

cells and/or CD4 T cells with antiviral genes might lead to long term reconstitution of 

the immune system in individuals with protease inhibitor resistant viruses or adverse 

drug reactions.  

 Inhibition of viral transcription has long been recognized as an important goal in 

HIV-1 therapy. This was the driving force behind the development of antisense 

oligonucleotides for HIV-1 therapy (4). Other strategies that are well advanced are 
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based on the concept of intracellular immunization (5). These include siRNA (6, 7), 

ribozymes (8, 9), dominant-negative approaches (10), and intrabodies (11). The anti-

RNA approaches are most successful when they target essential transcripts or gene 

products that are produced at a low level. Often their function in intracellular 

immunization strategies is very dependent on achieving high levels of intracellular 

expression. This is in contrast to control at the transcriptional level, which presents the 

advantage that only a single DNA site needs to be occupied as compared with 

targeting the many RNA messages that might be produced from a single gene. As with 

any approach that attempts specific inhibition in HIV-1, the mutation rate and genetic 

diversity found in vivo presents formidable obstacles. Despite this, there are regions 

within the HIV-1 genome that are conserved over all clades and provide suitable 

targets for the exploration of this approach.  

 Our approach is based on the recognition of the structural features unique to the 

Cys2-His2 class of nucleic acid-binding, zinc finger proteins. To create a universal 

system for the control of gene expression, we have studied methods for the 

construction of novel polydactyl zinc finger proteins that recognize extended DNA 

sequences and have described the generation of zinc finger domains recognizing 

sequences of the 5'-(G/A)NN-3' subset of a 64-member zinc finger alphabet (12�14). 

These domains can be used as modular building blocks for the construction of 

polydactyl proteins specifically recognizing 9- or 18-bp sequences. Methods for the 

rapid construction of polydactyl proteins have been developed that, together with this 

predefined set of zinc finger domains, provides ready access to over a billion novel 

proteins that bind the 5'-(G/ANN)6-3' family of 18-bp DNA sites (12, 15, 16).  
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 Appending effector domains, such as the activation domain VP16 (17) and the 

repression domain KRAB (18), creates potent artificial transcription factors. In 

previous work, we and others (12, 19�22) have demonstrated that both gene repression 

and activation can be achieved by targeting designed transcription factors to a single 

site within endogenous genes. Such regulation has been demonstrated in human, 

mouse, rat, monkey, Arabidopsis, and tobacco cells as wells as in transgenic 

Arabidopsis and tobacco plants (23, 24). Furthermore, temporal control of expression 

can be achieved via chemical control of gene expression imparted by appending 

ligand-binding domains derived from human steroid-hormone receptors (25). As an 

alternative to designing and testing individual transcription factors, combinatorial 

libraries of designed transcription factors have been recently used to select effective 

transcriptional regulators in the absence of detailed chromatin accessibility 

information and to identify novel gene regulatory pathways (26).  

In this study, we used our recently developed methodologies to prepare 

optimized transcriptional regulators designed to present transcriptional blockades to 

the HIV-1 lifecycle. Our work extends a recent study by Reynolds and co-workers 

(27) in which they observed repression of HIV-1 replication by an engineered zinc-

finger transcription factor. These findings strongly support a transcription factor-based 

approach to intracellular immunization of CD34 stem cells and/or CD4 T cells (28). 
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MATERIALS AND METHODS 

 

Construction of Custom DNA-binding Proteins. DNA-binding proteins containing 

six zinc finger domains were assembled onto an Sp1C zinc finger scaffold (29) using 

methods and domains described previously (12�16). Briefly, overlapping PCR primers 

were designed to encode zinc finger domains that had been previously modified to 

bind unique 3-bp sites. Three-finger proteins were assembled by overlap PCR then 

assembled into six-finger proteins by AgeI/XmaI ligation. For in vitro 

characterization, the constructs were cloned into the prokaryotic expression vector 

pMAL-c2 (New England Biolabs). Fusions with the maltose-binding protein were 

expressed and purified using the Protein Fusion and Purification System (New 

England Biolabs). Multitarget ELISA specificity assays and electrophoretic mobility 

shift affinity assays were performed as described previously (14, 15).  

 

Transient Transfection Assays.  Effector plasmids containing the KRAB and SID 

effector domains have been described previously (15). Effector plasmids consisted of 

the mammalian expression vector pcDNA3 (Invitrogen) containing the gene for a C-

terminal designed six-finger protein cloned in-frame with an N-terminal effector 

domain. All constructs also encoded a nuclear localization signal from SV40 large T 

antigen (PKKKRKV) between the effector and zinc finger domains, as well as a C-

terminal epitope tag from influenza hemagglutinin (HA tag, YPYDVPDYAS). 

GenBankTM accession numbers for KRAB-HLTR1, KRAB-HLTR3, and KRAB-

HLTR6 transcription factors are AY518586 [GenBank] , AY518587 [GenBank] , and 
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AY518588 [GenBank] , respectively. Reporter plasmids were based on pGL3-control 

(Promega) and contained a luciferase gene under control of the SV40 promoter 

(pGL3-control), the erbB-2 promoter (erbB-2 (�758 to �1) (15)), or the HIV-1 LTR 

promoter. The HIV-1 HXB2 LTR was amplified by PCR from the plasmid pIIIenv3�1 

(National Institutes of Health AIDS Research & Reference Reagent Program, 

NARRRP (30)) using the primers 5'-

ggatccggaggggacggggccggagccgcagtgggggtagaaatggaagggctaattcactcc-3' and 5'-

ctcctcctcctcctcggatccatggtggcgcccacgccgcccacgccactgctagagattttccacactgactaaaaggg-

3'. The LTR fragment was cloned between the BglII/NcoI sites of pGL3-control. The 

plasmid pSV2tat72 (NARRRP (31)) was included in all experiments as a source of 

TAT protein.  

 For all transfections, HeLa cells (American Type Culture Collection, ATCC) 

were used at a confluency of 40�60%. Typically, cells were transfected with 100 ng 

each of effector and reporter plasmid and 50 ng of pSV2tat72 per well in a 24-well 

dish by using LipofectAMINE transfection reagent (Invitrogen). Cell extracts were 

prepared 48 h after transfection. Luciferase and -galactosidase activity were measured 

with corresponding assay reagent kits (Promega) in a MicroLumat LB96P 

luminometer (EG&G Berthold, Gaithersburg, MD). Luciferase activity was 

normalized to total extract protein.  

 For determination of protein expression, 2 x 106 HeLa cells were plated onto 10-

cm plates and transfected with 2 µg of zinc finger protein expression plasmid. Cell 

extract was prepared by the addition of cell lysis buffer (50 mM Tris, pH 7.5, 150 mM 

NaCl, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, and Complete Protease 



133   

 

Inhibitor (Roche Applied Science)). Protein concentration was measured by the 

Bradford assay, and 50 µg of cell extract was separated by SDS-PAGE and blotted 

onto Hybond-P membrane (Amersham Biosciences). The blot was probed with an 

anti-HA antibody (Roche Applied Science), then stripped and reprobed with an anti--

actin antibody (Sigma) as a loading control. Relative zinc finger protein expression 

was determined using ImageQuaNT (Molecular Dynamics).  

 Inhibition of transiently transfected, plasmid-based HIV expression was 

examined using 293T cells (ATCC) at a confluency of 50�60%. Cells were co-

transfected with 500 ng each of HIV-1 plasmid (pNL4�3 (32) or pYK-JRCSF (33), 

NARRRP), pSIN-KRAB-HLTR3 (a lentiviral delivery vector, described below) and 

100 ng of the luciferase reporter plasmid pGL3-Control (Promega) in a 6-well dish by 

using FuGENE transfection reagent (Roche Applied Science). Medium was changed 

at 24 h post-transfection, and p24 antigen was measured in the supernatant at 48 h 

post-transfection. Cell extracts were prepared, and luciferase activity was measured 

with corresponding assay reagent kits (Promega) in a Labsystems luminometer. 

Luciferase activity was normalized to total extract protein.  

 

Generation of Stable PM1 Cell Clones.  pMAL-HLTR3 was digested with SfiI, and 

the HLTR3 zinc finger gene was cloned between the two SfiI sites of pMX-KRAB-

E2C-IRES-GFP (19), replacing the E2C zinc finger gene. This retroviral vector 

expresses a single bicistronic message for the translation of the zinc finger protein and, 

from an internal ribosome entry site (IRES), the green fluorescent protein (GFP). The 

vector additionally appends an HA-tag to the C-terminal of the zinc finger gene. pMX-
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KRAB-HLTR3-IRES-GFP and pMD-G, a plasmid expressing the envelope 

glycoprotein G of the vesicular stomatitis virus (kindly provided by Inder Verma, the 

Salk Institute (34)), were co-transfected into the Gag-Pol-293 packaging cell line 

(Clontech) using LipofectAMINE Plus (Invitrogen). After 48 h of incubation, culture 

supernatants were used for infection of PM1 cells (NARRRP (35)) in the presence of 8 

mg/ml Polybrene. PM1 cells are a clonal derivative of HUT78. These cells are 

permissive for growth of macrophage and T-cell tropic viruses. Cells were cloned by 

limiting dilution. Expression levels of KRAB-HLTR3 was determined by Western 

analysis on 100 µg of total soluble cell protein using the ECL Western blotting 

detection system (Amersham Biosciences) with a mouse anti-HA primary antibody 

(Roche Applied Science) and a goat anti-mouse-IgG horseradish peroxidase secondary 

antibody conjugate (Sigma).  

 

HIV-1 Challenge of Stable T-cell Clones.  Stocks for the murine heat-stable antigen-

expressing (HSA-expressing), CCR5-tropic HIV-1 reporter virus, NFN-SX-HSAS 

(36) were produced by infecting PM1 T-cell lines with NFN-SX-HSAS virus 

generated by calcium phosphate transfection of 293T cells (ATCC) with a proviral 

plasmid. Viral supernatants were stored at �80 °C. The p24 value of the virus stock 

was 2649 ng/ml. 5 x 105 PM1 T-cells were exposed to NFN-SX-HSAS (140 µl) for 3 

h at 37 °C, washed three times, and then cultured in 3 ml RPMI (10% fetal bovine 

serum, 1% penicillin/streptomycin/glutamine, and 1% HEPES).  

 HIV-1 infection was determined by flow cytometry analysis on cells isolated 

from culture on days 2, 4, 9, and 13 post-infection. Cells were stained with rat anti-
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mouse CD24 (heat-stable antigen) antibody labeled with R-phycoerythrin (BD 

Pharmingen). Rat IgG2k labeled with R-phycoerythrin was used as an isotype control. 

Cells were fixed with 2% paraformaldehyde prior to flow cytometry analysis. Flow 

cytometry was performed on a FACScan flow cytometer (BD Biosciences 

Immunocytometry Systems) and analysis replied on the Cell Quest Software program.  

 Supernatant obtained on days 2, 4, and 9 post-infection were also assessed for 

the presence of p24. Culture medium containing infected cells was pelleted at 2000 

rpm for 2 min. 50 µl of cell-free supernatant was added to 450 µl of p24 sample buffer 

for the p24 assay. Quantification of HIV-1 p24 protein production was performed 

using the antigen capture ELISA test (Coulter Corp.) according to the manufacturer's 

instructions.  

 

Construction of pSIN-KRAB-HLTR3.  To clone pSIN-KRAB-HLTR3, the DNA 

sequence for KRAB-HLTR3 was amplified by PCR from the pcDNA KRAB-HLTR3 

plasmid, using the primers 5'-atcgcttagggatccgctagcatggatgctaagtca-3' and 5'-

atcgcttaggtcgacaagctttcaagaagcgtagtc-3', which contain restriction sites for BamHI (5') 

and SalI (3'). The PCR product was purified and digested with BamHI and SalI and 

ligated into BamHI/SalI-digested pRRLPGK-GFP SIN-18 (36), so that the KRAB-

HLTR3 sequence replaced the GFP gene. The final plasmid was sequenced to ensure 

that no mutations were introduced during PCR.  

 

Lentiviral Vector Production and Titration.  The HIV-derived packaging construct 

pCMVdeltaR8.91 encodes the HIV-1 gag and pol precursors as well as the regulatory 
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proteins tat and rev (kindly provided by Inder Verma, the Salk Institute) (33). 

Pseudotyped lentiviruses were produced by transient calcium phosphate co-

transfection of 293T cells with pCMVdeltaR8.91, pMD-G, and the zinc finger-

expressing lentiviral transfer vector pSIN-ZF. Viral supernatants were harvested 48�

60 h after transfection, concentrated by ultracentrifugation, and resuspended in serum-

free RPMI 1640 culture medium. Viral titers were determined from the p24 antigen. 

Preparation of peripheral blood mononuclear cells (PBMCs) were purified from the 

fresh blood of healthy donors by Ficoll-Paque (Amersham Biosciences) density 

gradient centrifugation. Non-adherent peripheral blood leukocytes were cultured in 

RPMI 1640 medium supplemented with 10% fetal bovine serum at 37 °C, 5% CO2. 

They were stimulated for 3 days with recombinant human interleukin-2 (20 IU/ml; 

Roche Applied Science) and phytohemagglutinin (5 µg/ml) and then cultured in the 

presence of human interleukin-2 (20 IU/ml).  

 

Lentiviral Transduction.  Transductions of PM1 cells and PBMCs were performed 

in 48-well plates with addition of 5 µg/ml Polybrene. The cells were exposed to 

lentiviral concentrates at titers of 100 ng/ml p24 antigen concentration at a density of 5 

x 105 cell/ml. After 6 h of transduction, the cells were washed with phosphate-

buffered saline and further incubated in fresh tissue culture medium. The transduction 

protocol was repeated two more times in the following 48 h.  

 

HIV-1 Infection of PM1 Cells and PBMC.  M-tropic (YK-CSF), T-tropic (NL4�3), 

and dual tropic (89.6) HIV-1 viruses (NARRRP (37)) were produced in 293T cells and 
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used to infect the transduced PM1 cells and PBMCs at a multiplicity of infection 

(m.o.i.) of 0.1 (11). The m.o.i. values were determined in a separate experiment by 

fluorescence-activated cell sorting analysis using pRRLPGK-GFP SIN-18. It was 

estimated that 1 ng of p24 corresponds to 2000�3000 transducing units as m.o.i. is a 

statistical function of the number of virus able to infect a population of cells (38). As 

determined by trypan blue staining technique, the viability of cells was higher than 

95%. Where indicated, fresh PBMCs were added at day 7 to rescue viable HIV 

particles.  

After 6 h of incubation at 37 °C, the infected lymphocytes were washed once 

and resuspended in fresh medium. Cell culture supernatants were collected from the 

infected cells at various time points, and the concentration of the p24 protein was 

determined by ELISA (Innotest). Cell viability was determined using the Cell 

Proliferation Reagent WST-1 (Roche Applied Science) according the manufacturer's 

instructions. The activity of mitochondrial dehydrogenases, an indicator of cell 

viability, was measured in 10,000 cells by the conversion of the tetrazolium salt WST-

1 to the red dye formazan. Formazan accumulation is detected by increased 

absorbance at 440 nm. 
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RESULTS 

 

Target Site Selection in HIV-1.  The 5'-LTR of HIV-1 contains the promoter for all 

viral transcripts (39�41). The primary transcript can be either packaged into new virus 

particles or spliced to create the mRNA for the viral gene products. The LTR consists 

of three regions, U3, R, and U5. The cis-acting regulatory elements of the promoter 

are contained in the U3 region, which can be further subdivided into the negative 

regulatory region (nucleotides 1�350 as numbered in the genome of strain HXB2), the 

enhancer (nucleotides 351�376), and the core promoter (nucleotides 377�454). An 

array of transcription factors has been shown to interact with the U3 region (reviewed 

in Ref. 42), and variations in their binding sites have been implicated in modulating 

promoter strength and replication kinetics (43, 44). Transcription initiates at the first 

nucleotide of the R region, and polyadenylation occurs immediately after the R in the 

3'-LTR. The R region also codes for the transacting response element (TAR), a stem-

loop structure found in all viral mRNAs to which the transactivator protein Tat will 

bind. U5 spans the region between R and the binding site for tRNALys, which is used 

during reverse transcription.  

 In a systematic characterization, we previously defined the zinc finger domains 

that specifically bind to 3-bp sites of the 5'-(G/A)NN-3' type (12�14). After searching 

5'-LTR sequences around the promoter region for existence of 18 contiguous 

nucleotides that are targetable with our defined domains using a search program of our 

own design, we found excellent coverage of most of the promoter region (Figure 1). 

Potential target sites were checked for the presence of identical or similar sites in the 
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human genome by a BLAST search of the Homo sapiens DNA sequences in the 

GenBankTM data base (data not shown).  

 

 

 

Figure 1:  Region of HIV-1 targeted by designed transcription factors. A, diagrammatic 
representation of the 5'-LTR of HIV-1. All vertical lines indicate 18-bp sites that can be targeted with 
the currently available lexicon of modified zinc finger domains. The three sites studied in this report are 
indicated (HLTR1, 3, and 6), as are several features of the HIV-1 promoter (binding sites for NF-B (N), 
Sp1 (S), TATA binding protein (T), transcription initiation site (arrow), and TAR loop (TAR)). 
Combined DNase I hypersensitive and micrococcal nuclease sensitive sites are shown as gray boxes 
(45). B, sequence of the 5'-LTR in the targeted region for the prototypic HIV-1 strain, HXB2. Target 
sites for designed transcription factors are overlaid on promoter features. 
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 The parameters defining a productive target site for gene regulation have not 

been fully resolved at this time. However, we reasoned that a good target site should 

be located in chromatin where it is accessible to DNA-binding proteins and where the 

sequence is highly conserved. Some transcription factors have been shown to have 

little access to their DNA binding sites in chromatin. There have been reports 

correlating the ability of designed 3-finger proteins to regulating gene expression and 

the location of their target sites in accessible chromatin structures (20, 21). Accessible 

target sites may be located in the linker region between positioned nucleosomes and 

are sensitive to micrococcal nuclease digestion or appear as DNase I-hypersensitive 

sites. For HIV-1, the nuclease-sensitive regions in the promoter have been well 

characterized (Figure 1A) (45). However, HIV presents an additional challenge in that 

the viral genome mutates with each replication cycle. A comparison of 5'-LTR 

sequences from different viral isolates and various subfamilies or clades of HIV-1 

reveals that mutations arise with varying frequency, even in known transcription factor 

binding sites (Table I, HIV Sequence Data base (available at hiv-web.lanl.gov), and 

Ref. 46). However, there are some regions of the 5'-LTR that show remarkably high 

sequence conservation across all clades, probably due to their role in the viral life 

cycle. For example, the HIV-1 LTR target site 1 (HLTR1) is extremely well conserved 

(for examples within clade B see Table I), perhaps due to its proximity to the highly 

conserved TAR region (Figure 1B). Therefore, by following these guidelines we were 

able to select target sites that were both accessible and conserved.  

 



141   

 

TABLE 1:  Sequence conservation of designed transcription factor target sites among members of 
clade B of HIV-1 

 
 
 

 Combining the micrococcal and DNase I data, there are essentially four 

accessible regions in the 400 bp that surround the start of transcription. Using the 

genome of viral isolate HXB2 as a reference, the accessible regions approximately 

include nucleotides 200�350, 375�450, 500�575, and 600�775 (Figure 1A). Three 

target sites were selected (HLTR1, 3, and 6). Their binding site sequence and position 
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are shown in Fig. 1B. Site HLTR3 overlaps with two of the three binding sites for the 

transcriptional activator Sp1. Sites HLTR1 and 3 are in regions expected to be 

accessible. Site HLTR6 had good sequence conservation, but it was less clear that this 

site would be accessible in chromatin. Examples of the sequence conservation for the 

various sites are shown in Table 1. Although data are shown only for 49 members of 

the B clade (to save space), the extent of sequence conservation is representative of 

that observed across all clades.  

 

Identifying the Most Potent Repressor�Six-finger proteins that specifically 

recognize each proposed 18-bp target site were assembled as maltose-binding protein 

fusion proteins and purified. Their DNA binding specificity and affinity were assessed 

in multitarget ELISA assays, and electrophoretic mobility shift assays as previously 

described (12, 15). The KD values of the six-finger proteins HLTR1, 3, and 6 for their 

DNA targets were determined to be 10, 1, and 6 nM, respectively (Figure 2A). 

Transcriptional repressors were prepared by attaching several human-derived 

repressor domains to the designed zinc finger proteins. The Krüppel-associated box 

(KRAB) domain (18) and the Mad mSIN3 interaction domain (SID) (47) both showed 

good repressive activity in previous studies of imposed erbB-2 regulation (15, 19).  
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Figure 2:  A, electrophoretic mobility shift assay to determine binding constants for the designed zinc 
fingers. B, transient reporter assays comparing the repression potentials of various designed 
transcription factor using a KRAB (left) or SID (right) repression domain. HeLa cells were transfected 
with an HIV LTR/luciferase reporter plasmid, a TAT-expression plasmid, and a plasmid expressing the 
protein indicated. "No ZF" = only LTR/luciferase reporter and pSV2tat72 plasmids. "No Tat" = only 
LTR/luciferase reporter plasmid. Error bars represent the mean value of duplicate experiments. C, 
protein expression of KRAB-HLTR zinc fingers. Cell extracts from HeLa cells transfected with KRAB-
HLTR1, KRAB-HLTR3, or KRAB-HLTR6 or empty vector were separated by SDS-PAGE and 
transferred to a polyvinylidene difluoride membrane. The blots were probed with an antibody that 
recognize the HA tag on the zinc finger proteins or a -actin antibody. Relative protein expression was 
calculated by normalizing zinc finger expression to -actin expression in each sample. 
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 To assess the potential for transcriptional repression of each of the transcription 

factors, HeLa cells were transiently co-transfected with 1) an effector plasmid 

expressing the designed transcription factor, 2) a reporter plasmid expressing 

luciferase under control of the HIV-1 LTR promoter, and 3) a TAT-expressing 

plasmid. Luciferase levels were measured 48 h post-transfection. A 13-fold reduction 

in reporter expression was observed when KRAB-HLTR3 was present, but less than 2-

fold for KRAB-HLTR1 and KRAB-HLTR2 (Figure 2B, left). Repression was more 

dramatic for HLTR1 when a SID repression domain was used (Figure 2B, right), 

whereas HLTR6 showed very little repression with this effector. However, SID-

HLTR3 again showed the most impressive repression potential (6-fold). In addition, a 

control six-finger artificial transcription factor that recognizes the sequence 

GACGGGGCTGCTGCAGAC was tested for its ability to affect the HIV-1 LTR. The 

recognition sequence for this protein is not found in the HIV-1 LTR, and so this 

protein should not affect transcription from the LTR. As expected, no repression of the 

reporter construct was observed with either the KRAB or SID domains fused to the 

control zinc finger. Finally, to determine if the differences in repression seen with the 

HLTR proteins was not due in part to differences in protein expression, Western blots 

were performed. These studies revealed a modest difference in the level of protein 

expression of HLTR3 (1.5-fold greater) as compared with the other proteins (Figure 

2C).  
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KRAB-HLTR3 Specificity and Activity in Chromatin.  Nonspecific transcriptional 

repression might result in cellular toxicity, precluding the use of this anti-viral protein 

for long term expression in a potential intracellular immunization strategy. To 

examine the specificity of regulation, KRAB-HLTR3 was assayed on three different 

promoters (Figure 3A). A 10-fold repression of the HIV-1 LTR was observed. 

However, no repression was observed with an SV40 or erbB-2 promoter, 

demonstrating that repression by this protein effectively targeted the HIV-1 LTR 

promoter.  

 

Figure 3.  Transient reporter assays comparing the activity of KRAB-HLTR3 on various 
promoters. A diagram of the reporter construct appears above each graph. A, HeLa cells were 
transfected with a luciferase reporter plasmid containing the indicated promoter, a TAT-expression 
plasmid, and a plasmid expressing the protein indicated. "No ZnFn" = only LTR/luciferase reporter and 
pSV2tat72 plasmids. B, P4R5 MAGI cells, containing an HIV-1/lacZ reporter integrated into the 
genome, were co-transfected with a TAT-expression plasmid and a plasmid expressing the protein 
indicated. 293T cells were transfected with a plasmid form of the genome for NL4�3 (C) or YK-CSF 
(D), a plasmid expressing the protein indicated, and a constitutive luciferase expression plasmid. E, cell 
viability as indicated by luciferase activity. 
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 The chromatinized state of plasmid DNA in mammalian cells can be quite 

different than that of the chromosome, where nucleosomes and DNA topology might 

limit accessibility of binding proteins. Other groups have reported differences in 

targeting proteins to sites in plasmid or chromosomal DNA (20, 48). We therefore co-

transfected the KRAB-HLTR3-expressing plasmid with the Tat-expressing plasmid 

into the HeLa derivative, P4R5 MAGI (49), which contains a chromosomally 

integrated HIV-1 LTR driving expression of a lacZ reporter gene. We again observed 

a 10-fold reduction in reporter gene expression when KRAB-HLTR3 was present 

(Figure 3B). A 3-fold repression was also observed when HLTR3 was expressed in 

these cells without the KRAB domain. This effect was likely due to the fact that the 

HLTR3 binding site overlaps two Sp1 sites, allowing HLTR3 to interfere with the 

binding of these transcriptional activators (see "Discussion").  

 To evaluate the ability of zinc finger factor to inhibit plasmid-based viral 

production, a transient assay was performed in 293T cells by co-transfection of a 

KRAB-HLTR3-expressing plasmid with an HIV-1 NL4�3-expressing plasmid or an 

HIV-1 YK-CSF-expressing plasmid. At 48 h post-transfection, expression of KRAB-

HLTR3 produced strong inhibition of virus production (99%) (Figure 3, C and D). 

This effect was not due to different transfection efficiencies or cytotoxic effects 

specific to individual zinc finger transcription factors as indicated by transfection 

studies using a luciferase reporter lacking the recognition sequences of the 

transcription factors (Figure 3E).  
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Stable Expression of KRAB-HLTR3 Inhibits HIV-1 Replication.  To assess the 

ability of the transcription factor to inhibit viral replication, stable cells lines were 

produced and challenged with HIV. The PM1 T-cell line was used, because it 

expresses CD4, CCR5, and CXCR4, allowing this line to be infected by both R5 and 

X4 HIV strains. Stable expression of the transcription factor in PM1 cells was 

achieved using a pMX-KRAB-HLTR3-IRES-GPF retroviral vector. This virus uses a 

Moloney murine leukemia virus promoter, which does not contain a site for KRAB-

HLTR3 and is, therefore, not expected to be regulated by the expressed transcription 

factor. KRAB-HLTR3 expression in stable PM1 cell clones was confirmed by 

Western analysis. Clonal lines 8 and 19 were selected for further study based on their 

high and low expression of KRAB-HLTR3, respectively (Figure 4).  

 

 

Figure 4.  Expression of KRAB-HLTR3 in stable PM1 cell clones. PM1 T-cells transduced with 
pMX-KRAB-HLTR3-IRES-GFP retrovirus were cloned. Expression of KRAB-HLTR3 in parental 
PM1 or clones was shown by Western analysis using an antibody directed against the HA tag on the C 
terminus of protein. 
 



148   

 

 The clones and untransduced PM1 cells were challenged with the CCR5-tropic, 

HSA-reporter virus, NFN-SX-HSAS. This virus is based on the HIV strain NL4�3, 

which does contain a site for KRAB-HLTR3 in its promoter and is, therefore, 

expected to be regulated by the transcription factor. As shown in Figure 5 (A and B) 

the majority of clone-8 T-cells expressing the KRAB-HLTR3 protein demonstrated 

marked inhibition of HIV replication over time, whereas both the parental PM1 and 

clone-19 T-cell lines readily supported NFN-SX-HSAS replication, as shown by HSA 

expression. At 13 days post-infection, parental and clone-19 PM1 cells were highly 

infected and showed signs of virus-induced pathology, i.e. reduced HSA expression, 

increased numbers of dead cells in culture, and reduced proliferation. Infection of the 

parental and clone-19 PM1 T-cell lines was further confirmed by p24 analysis of 

cultures supernatants over time (Figure 5C). Although 20% of the KRAB-HLTR3-

overexpressing clone-8 PM1 T-cells showed HSA protein expression, the number of 

cells infected and the mean fluorescent HSA intensity, an indication of the level of 

viral infection per cell, at day 13 of culture was 1.5 log lower than that of the parental 

and clone-19 PM1 T-cell lines (Figure 5B). Moreover, by day 9 post-infection, the 

parental and clone-19 PM1 T-cell lines had an average of 1363 ng/ml of p24 in culture 

supernatant, whereas supernatants from the clone-8 cells contained 2.6 ng/ml of p24, a 

524-fold drop in p24 concentration (Figure 5C). These results demonstrate that 

KRAB-HLTR3 is able to inhibit HIV replication in T-cell lines. The results also 

suggest that long term constitutive expression of KRAB-HLTR3 is not toxic to T-

cells.  
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Figure 5.  KRAB-HLTR3 expression inhibits HIV-1 replication in PM1 T-cell clones. A, flow 
cytometry analysis showing that PM1 T-cells stably expressing KRAB-HLTR3 (clone 8, thick line), but 
not parental PM1 T-cells (thin line) or a non-zinc-finger expressing PM1 clone (clone 19, dotted line), 
are protected from challenge with the NFN-SX-HSAS reporter HIV virus at m.o.i. 1. Viral replication 
was measured using a fluorescently-tagged antibody to the HSA marker. For reference, cultured, but not 
HIV-1 exposed, parental PM1 T-cells (dashed line) are shown. B, graphical representation of flow 
cytometry analysis of HSA expression. Lines are as in (A). C, p24 levels over time. Culture 
supernatants were collected on days 2, 4, and 9 post-infection and measured by ELISA. Lines are as in 
A. 
 

Primary Human Cells Transduced with KRAB-HLTR3 Are Protected from 

HIV-1 Replication.  To assess the ability of the transcription factor to inhibit viral 

replication, primary human peripheral blood mononuclear cells (PBMCs) and a T-cell 

line (PM1) were transduced with a lentiviral vector expressing KRAB-HLTR3 (pSIN-

KRAB-HLTR3) or empty vector (pSIN) and subsequently challenged with various 

strains of HIV-1. Note that the transcription factor transgene in this delivery vector is 

under control of a cytomegalovirus promoter, which does not contain a site for 

KRAB-HLTR3 and is, therefore, not expected to be regulated by the expressed 
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transcription factor. Levels of HIV-1-expressed p24 were measured at various time 

points post-infection as an indicator of viral replication. The HIV-1 strains used were 

NL4�3 (X4 tropic), YK-CSF (R5 tropic), and 89.6 (R5X4 tropic). The sequence of the 

HLTR3 target sites in these strains is indicated in Table I. ELISA and electrophoretic 

mobility shift assay studies indicated that the HLTR3 protein bound double-stranded 

DNA oligonucleotides displaying the sequences derived from each of these viruses 

with an affinity similar to that of the native sequence. In both the PM1 T-cell line 

(Figure 6A) and primary PBMC (Figure 6B), a 10- to 100-fold reduction in p24 levels 

was observed for all KRAB-HLTR3-transduced cells compared with non-transduced 

cells. Moreover, the repressive effect was maintained even at 18 days post-HIV-1 

infection.  

 

 

Figure 6.  Inhibition of HIV-1 replication by KRAB-HLTR3 in the T-cell line PM1 (A) or primary 
human PBMCs (B). Cells were transduced with the lentiviral vector pSIN-KRAB-HLTR3 (open 
symbols) or empty pSIN vector (solid symbols) (100 ng/ml of lentiviral p24 antigen per 5 x 105 
cell/ml), before infection with HIV-1 strains NL4�3 (circles), YK-CSF (triangles), or 89.6 (squares) at 
an m.o.i. of 0.1. HIV-1-produced p24 levels were monitored at days 3, 7, 10, 14, and 20. Fresh PBMCs 
were added at day 7 to rescue viable HIV particles. Error bars represent the mean value of triplicate 
experiments. 
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 To determine if these effects were due to the KRAB-HLTR3 protein, the 

experiments were repeated using PBMC transduced with empty vector, KRAB-

HLTR3, or KRAB-Aart, a repression construct containing an control zinc finger Aart. 

Protein Aart is a six-finger protein designed to bind an artificial AT-rich sequence and 

is not expected to have any binding site in the human genome (12). Intracellular 

staining, using an antibody directed against the C-terminal HA tag on the zinc finger 

transcription factor, revealed expression of the transgene in 35% of PBMCs (Figure 

7). However, co-staining with an anti-CD4 antibody demonstrated that this 35% 

contained 70% of the CD4 cell population. That is to say, 70% of potentially HIV-

permissive cells expressed a zinc finger transcription factor.  
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Figure 7.  Lentiviral transduction of PBMC. Two-dimensional flow cytometry data of PBMC that 
were untransduced (A), transduced with empty pSIN lentiviral vector (B), pSIN-KRAB-Aart (C), a 
vector expressing KRAB fused to an irrelevant zinc finger gene (Aart), or pSIN-KRAB-HLTR3 (D). 
Fluorescence intensity on the x-axis represents intracellular staining for the zinc finger fusion protein 
using an antibody directed against the C-terminal HA tag. Intensity on the y-axis represents surface 
CD4 expression. The percentage of total cells for each quadrant is indicated. 
 

  

 PBMCs exposed to the KRAB-HLTR3-expressing lentivirus displayed dramatic 

resistance to replication of HIV-1 strains NL4�3 and YK-CSF (Figure 8A). Cells 

exposed to KRAB-Aart behaved similar to empty vector controls. To rule out the 
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possibility that viral replication was reduced due or decreased due to KRAB-HLTR3-

induced cytotoxicity, cell viability was measured at various time points post-HIV-1 

infection. All cell samples were found to be similarly viable at all time point (Figure 

8B).  

 

Figure 8.  Second HIV-1 challenge assay in PBMCs. PBMCs were transduced with lentiviral vector 
pSIN-KRAB-HLTR3 (open symbols), a vector expressing KRAB fused to an irrelevant zinc finger gene 
(Aart, dashed line), or empty pSIN vector (solid symbols), before infection with HIV-1 strains (A) 
NL4�3 (circles) or YK-CSF (triangles) at an m.o.i. of 0.1. HIV-1-produced p24 levels were monitored 
at days 3, 7, 12, and 18. B, viability of cells from the above experiments as determined using the WST-
1 assay for mitochondrial dehydrogenase activity. 
 

Repeating the transduction procedure three times instead of once provided only 

a modest increase in repression of KRAB-HLTR3, and had no effect on the other 

samples (data not shown). However, these results do demonstrate that attempts to 

boost the expression level of the anti-viral protein are tolerated but are not necessary 

to attenuate viral replication. 
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DISCUSSION 

 

What Makes KRAB-HLTR3 Such a Potent Transcriptional Repressor of HIV-1?�A 

number of factors have likely contributed to the effectiveness of HLTR3 as a 

transcriptional repressor as compared with HLTR1 and HLTR6. HLTR1, 3, and 6 

should all bind in chromatin-accessible regions, and the proteins have similar affinity 

for their target sites (10, 1, and 8 nM, respectively) (Figure 2A). Although these 

affinity differences are modest, in our original studies of endogenous gene regulation 

using designed six-finger transcription factors (single-site regulators), we did observe 

potent endogenous gene regulation with transcription factors that bound their target 

with 1 nM dissociation constants and little to no regulation with proteins that bound 

their target DNA with KD values of 10 nM or higher (19). Thus, DNA affinity is 

likely to be a significant factor contributing to the success of HLTR3. Additionally, 

study of the expression of the transcription factors revealed that HLTR3 is also 

expressed 1.5-fold more efficiently than the other KRAB-bearing transcription factors 

(Figure 2C). With respect to target site position as it relates to the start of transcription, 

the HLTR1 target site is actually more proximal to the transcription start site than the 

HLTR3 target site. A priori, it might be reasonable to expect that HLTR1 and 6 might 

be less effective repressors, because they lie downstream of the transcription initiation 

site. However, several of the most potent designed transcriptional regulators bind in a 

similar position relative to their target promoter (50). Similarly, HLTR1 and 6 both 

bind the minus strand of the promoter, whereas HLTR3 binds the plus strand. 

However, numerous potent regulators have been reported on either strand (12, 19).  



155   

 

 The binding site of HLTR3 also overlaps two Sp1 binding sites. The Sp1 sites, 

together with the TATA box, comprise the core promoter and have been shown to be 

essential for the function of HIV-1 proviral DNA-mediated gene expression (44). The 

Sp1 elements also seem to play a role in the Tat inducibility of expression (51). It has 

been previously shown that one mechanism by which repression can be achieved is to 

interfere with the binding of critical elements of the transcriptional machinery (52). 

Therefore, in addition to localizing a repression effector domain, a protein targeted to 

the HLTR3 site may have the additional advantage of being able to inhibit 

transcription by competing with the binding of endogenous Sp1 activator proteins. In 

support of this notion, HLTR3 (lacking a repression domain) demonstrated a 

significant 3-fold inhibition of the HIV-1 LTR in transient reporter assays (Figure 3B). 

A significant role of the repression domain is revealed, however, by the differential 

repressive capability of HLTR3 bearing SID and KRAB repression domains indicating 

that the effector domain plays a critical role in transcriptional repression beyond that 

imparted by direct competition with Sp1 activators.  

 The results of the reporter assays identified HLTR3 as the most potent HIV-1 

inhibitor. Although the target site sequence for this protein is not as well conserved as 

that for HLTR1 and 6, there appear to be many viral isolates for which the HLTR1 and 

6 target sites occur in gapped regions and are thus completely absent (Table 1). Based 

on the most current version (2002) of the HIV Sequence Data base, the HLTR3 site 

occurs in virtually all sequenced isolates in all clades (data not shown). Therefore, 

among the three candidate repressors, HLTR3 is not only the most potent but also 

provides the greatest potential to target the most viral strains. It should be noted that 
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artificial engineered HIV-1 variants completely devoid of Sp1 sites have been shown 

to be replication competent in cell culture suggesting a functional redundancy of 

activation elements within the HIV-1 LTR (53).  

 Co-transfection of 293T cells with plasmids expressing KRAB-HLTR3 and HIV 

resulted in a 100-fold repression of HIV replication (Figure 3, C and D). This dramatic 

repressive effect is likely due to the inhibition of basal HIV transcription prior to 

significant expression of TAT transactivator protein. This explanation is consistent 

with the results of the conceptually similar reporter assays (Fig. 3, A and B), in which 

the transcription of a TAT-activated HIV promoter was reduced only 10-fold by 

KRAB-HLTR3. These results suggest that prior expression of KRAB-HLTR3 may be 

required prior to HIV infection to produce the dramatic repression of HIV-1 

replication observed in the PM1 and PBMC experiments (Figures. 4, 5, 6, 7, 8).  

 In the experiment shown in Figure 5, stable PM1 clones were exposed to HIV at 

an approximate m.o.i. of 1. A modest amount of HIV replication was observed in 

these cells (albeit 50- to 500-fold less than controls). In the experiments shown in 

Figures. 6 and 8, PBMCs were exposed to HIV at an approximate m.o.i. of 0.1. At this 

multiplicity of infection, HIV replication was almost completely repressed. The lower 

m.o.i. might be considered more physiologically relevant in some cases, particularly in 

individuals undergoing highly active antiretroviral therapy (HAART). The latter 

results are also significant, because they suggest that, under some conditions, viral 

replication can be repressed even if KRAB-HLTR3 is not expressed in every cell.  

 PBMCs expressing KRAB-HLTR3, KRAB-Aart, or empty transduction vector 

were found to have similar viability after HIV-1 challenge (Figure 8B). These results 
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demonstrate that the observed inhibition of viral replication is not due to decreased 

cell viability. The apparent lack of cytotoxicity is further supported by the fact that a 

PM1 T-cell clone could be propagated indefinitely despite expressing high levels of 

functional KRAB-HLTR3 protein (Figures. 4 and 5, clone 8). Together, these results 

provide evidence that expression of KRAB-HLTR3 is not cytotoxic, even at levels 

sufficient to repress HIV-1 replication.  

 

The Potential of KRAB-HLTR3 as an Antiviral Therapeutic�In an independent study, 

Reynolds and co-workers (27) showed that a different designed transcription factor, 

HIVBA'-KOX, targeted near the Sp1 sites in the HIV-1 LTR was able to inhibit, 

following transient transfection, the replication of HIV-1 strain HXB2 in the human 

glioma cell line NP2 by 3.5-fold. Their optimal factor similarly contained six zinc 

fingers (modified for site-specific recognition by a somewhat different strategy) fused 

to a KRAB repression domain in accord with our early studies on endogenous gene 

regulation with artificial zinc finger transcription factors (15, 19). Although issues of 

specificity, toxicity, and breadth of activity in primary human cells were not directly 

addressed, their results corroborate those of our study. A significant difference 

between the protein HIVBA' described by Reynolds et al. (27) and HLTR3 described 

here, is that in the absence of a repression domain HLTR3 significantly represses 

transcription (3-fold), whereas HIVBA' activates transcription (2-fold) suggesting that 

HIVBA' does not directly compete with Sp1 factors for binding to the LTR. This 

differential activity in the absence of repression domains suggests that the precise 

placement of an inhibitory factor is key in studies that attempt to interfere with 



158   

 

endogenous factor binding. Cooperative DNA-binding and synergistic activation of 

non-competing transcription factors has been noted before and likely explains the 

undesirable activation seen with HIVBA' (54). Nonetheless, taken together, the two 

studies present compelling evidence that zinc finger-based transcriptional repressors 

targeted to the Sp1 sites of HIV-1 are able to achieve dramatic and reproducible 

repression of HIV-1 replication.  

 As an alternative to directed transcriptional repression at the DNA level with 

designed zinc finger transcription factors, RNA interference strategies targeting HIV-1 

viral RNA have been reported (55, 56). Although these studies have demonstrated 

successful inhibition of HIV-1 replication through targeting viral RNA, they have also 

demonstrated that single point mutations within the viral genome allow for the virus to 

escape RNA interference strategies (57). Given the propensity of HIV-1 to mutate, it 

has been suggested that effective RNA interference strategies will require the delivery 

of multiple interfering RNAs. Significantly, in the zinc finger transcription factor 

strategy explored here, we have demonstrated tolerance of 1 and 2 mutations within 

the viral sequence targeted by HLTR3. Nonetheless, the development of resistance to 

zinc finger transcription factors should also be anticipated and an effective therapeutic 

strategy based on this approach will likely require the delivery of multiple 

transcription factors. We believe, however, that a highly effective and long lasting 

transcriptional blockade of HIV-1 can be obtained with a smaller mixture of 

transcription factors than siRNA molecules. These approaches are, of course, not 

mutually exclusive, and a therapeutic mixture consisting of both transcription factors 

and siRNA molecules should be considered.  
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 In conclusion, the results of this study have identified KRAB-HLTR3 as a 

designed transcription factor capable of potent, specific, and extended inhibition of 

HIV-1 replication in primary human lymphocytes. Expression of the transcription 

factor was able to dramatically suppress replication of various HIV-1 strains for nearly 

3 weeks, during which time no cellular toxicity was observed. These characteristics 

present KRAB-HLTR3 as an attractive candidate for development in an intracellular 

immunization strategy for anti-HIV-1 therapy.  
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