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ABSTRACT 

 
 
Since it emerged as an infectious agent in 1981, the human immunodeficiency virus type 

1 (HIV-1) is continually disseminated and remain fatal to the majority of those infected.  

Strategies including highly active retroviral therapies (HAART) with nucleoside 

analogues and protease inhibitors have shown limited success in therapy due to the virus’ 

ability to evolve rapidly at every replication cycle as a consequence of it’s highly error 

prone reverse transcriptase, generating resistant retroviral strains and in addition to latent 

HIV-1 reservoirs.   Thirty years of research efforts to find a cure or to generate a vaccine 

has been met with failure.  It is, therefore, of necessity to broaden our paradigm of 

therapy for the treatment and eventual cure of HIV-1 infection.  In this study, I look 

beyond the current anti-retroviral strategies and instead rely on the mammalian host 

immune system to inhibit HIV-1 replication through molecular genetic manipulation.  

Here, we approach the inhibition of HIV-1 replication by up-regulation of the innate 

antiviral pathway that is natural to mammalian cells.  HIV-1 derived  self-inactivating 

lentiviral (SIN) vectors were designed and constructed  to deliver the antiviral payloads 

of two antiviral enzymes, p68 kinase (PKR) and 2’-5’ oligoadenlyate synthetase (2-

5OAS), to target cell, SupT1 lymphoblastoid cells and CD4+ T lymphocytes under the 

control of a constitutive cytomegalovirus (CMV) promoter.  These data here 

demonstrates a significant inhibition of HIV-1 replication in cells transduced with the anti 

HIV-1 transgenes PKR and 2-5OAS as determined by HIV-1 induced syncytia formation 

and HIV-1 p24 antigen capture assay.  Furthermore, here demonstrated is an increase up-

regulation of PKR and 2-5OAS 96 hr post cell transduction in all the clones when 
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compared to pHIV empty vector control.  These results demonstrate that the over-

expression of PKR and 2-5OAS can inhibit HIV-1 replication and also confirm the 

involvement of PKR and 2-5OAS in the IFN-associated antiviral pathway against HIV-1 

infection.   
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 CHAPTER 1 

INTRODUCTION 

1.1 HIV-1 CONTROL 

The complete control of HIV-1 remains an elusive goal despite significant 

advances and impact of antiretroviral therapies.  According to the World Health 

Organization (WHO) approximately twenty-two million people have died from Human 

Immunodeficiency Virus (HIV) and Acquired Immunodeficiency Syndrome (AIDS). 

Recent estimates are that 33.2 million people worldwide are infected with the virus that 

causes AIDS, majority of whom are unaware of their infection, and most with little to no 

access to life saving and prolonging treatments.  As the prevalence of HIV-1 increases 

globally, last year epidemiologists estimated that 4.9 million persons were newly 

infected, with the highest occurrence of infection observed  in sub-Saharan Africa and 

with certainty that no country is unaffected by this virus.  Closer to home, within the 

United States, there is an alarming rate of new HIV-1 infections seen in various 

communities:  an estimated 1 million people currently living in the United States with 

HIV-1 and approximately forty thousand new cases annually.    HIV-1 breaks down the 

immune system and over a period of 10-15 years may result in AIDS, a disorder of the 

immune system caused by the collapse of immunity driven primarily by depletion and 

death of CD4+ T cells (Baldanti et al.,  2002).  

A variety of treatments — combinations of medicines commonly termed 

"cocktails", better known as Highly Active Antiretroviral Therapy (HAART) — offer 

hope. Although not a cure, HAART has provided a means whereby viral replication and 
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disease progression are reduced substantially.  However, the reactivation of viral 

replication upon prolonged usage and non-compliance has been observed (Baldanti et al.,  

2002).    With reactivation, there is the emergence of drug-resistant HIV-1 variants from 

latent HIV-1 reservoirs, all of which remain formidable obstacles. Furthermore, HAART 

therapy is very expensive and, in many undeveloped states, availability to most HIV-1 

infected individuals is lacking.   Since life-long treatments are required to sustain viral 

latency, treatment may result in varying toxic outcomes; lipodystropy, heart disease, 

central nervous system disorders, etc; viral escape mutants, or strains of HIV-1 that are 

resistant to known antiviral drugs (Dropulic, June, 2006; Siliciano et al., 2003).   

While there is increasing hope for HIV-1 infected subjects, HAART is only 

effective for some people and may only be successful for a limited period of time.  With 

newly emergent HIV-1 strains, there is warranted concern that the arsenal of antivirals 

will soon be obsolete.  Additionally, the development of novel anti-virals are time 

consuming and costly. These issues demonstrate the need for the development of new 

strategies for the treatment of HIV-1 infection and therefore, halting the spread of this 

dreadful virus.  Genetic molecular therapy(s) may hold the promise of a cure for HIV-1 

infection.  Molecular means may be utilized to prevent chronic progressive HIV-1 

infection and lead to the improvement of immune systems capacity of those infected, may 

also lead to a cure, and perhaps lead to an infection preventative vaccine.   

 

 



 3

 1.2 The Interferon Pathway 

It has been over 50 years  since interferons (IFNs) were first isolated from cell 

culturing supernatants and described as chemical agents with antiviral capacity, which 

when secreted from eukaryotic cells, interferes with virus’ ability to spread and infect 

uninfected neighboring cells (Isaacs & Lindenman, 1957).  Specifically, Isaacs and 

Lindenman demonstrated that influenza virus infected chick cells generated and secreted 

a factor which disruptions the transfer of infectious viral particles to uninfected cells.  A 

similar finding was reported a year later illustrating the inhibition of vaccinia infection by 

a liquid component in tissue which was infected with a homologous virus (Nagano and 

Kojima, 1958).  In the years to follow, IFNs have been shown to not only have antiviral 

properties, but also function to control cell proliferation, cell differentiation including 

having effects on cell growth and the induction of apoptosis, and act as modulators of the 

immune responses (Stewart, 1979; Pestka, 1987; Pfeffer, 1987; De Maeyer and De 

Maeyer-Guignard, 1988). These IFNs are a class of cytokines, which have been 

demonstrated to be the first line of defense against viral infection within an animal host.  

During viral infection, the expression of IFN is induced at the transcriptional level.  The 

IFN is then secreted to protect nearby cells from secondary infection, thereby limiting 

viral spreading.  This group of cytokines is classified into three classes according to their 

amino acid sequences; type I, type II and type III interferons, which act through different 

surface receptors.  The two major types of interferon Type I include IFN-α, IFF-β, and 

IFN-ω and the type II IFN-γ.  The genes encoding the type I interferons are clustered in 

the short arm of chromosome 9 and lack intervening intron sequences, whereas the type 

II interferon (IFN-γ) is located on chromosome 12 in the form of a single copy gene 
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(Weissmann and Weber, 1986; Taniguchi, 1988; Roberts, 1989). Interferons α and β are 

primarily secreted by fibroblast and leukocytes and are induced in direct response to viral 

infection. Interferon γ is secreted by mitogenically activated T cells, natural killer cells 

and B cells and assist in the regulation of the immune response and in establishing the 

cellular antiviral and anti-proliferative states.   

There are various agents that induce interferon.  These agents include virus 

infection and double strand RNA (dsRNA) of natural or synthetic origin (Carter et al., 

1972, 1975; Sehgal, 1982).  The functions of interferon are mediated by the induction of 

several cytoplasmic proteins.  The initial steps of interferon signaling involve the 

interaction of interferons with their cognate receptors on the cellular membrane.  There 

are two types of interferon receptors; type I IFN receptor, which binds both IFN α and β 

and the type II IFN receptor, which binds IFN-γ.  The genes for Type I IFN receptor are 

mapped to chromosome 21 in Homo sapien genome (Uze et al., 1990), and the gene for 

Type II IFN receptors are mapped to chromosomes 6 and 21 in humans, respectively 

(Rashidbaigi et al., 1986; Mariano et al., 1987; Kumar et al., 1989; Farrar and Schreiber, 

1993).  Within recent years the elucidation of the IFN induction pathways have been 

demonstrated.  The signal transduction pathway occurs from cytoplasm, into the nucleus 

and finally, with the formation of transcriptionally active protein complex, which 

specifically binds to promoter elements of the interferon responsive genes and culminates 

in the induction of at least 30 genes (Sen and Ransohoff, 1993).  These IFN mediated 

signaling transduction and activation of cellular gene expression is highlighted by the 

Janus family of tryrosine kinase and signal transducer and activator of transcription 

(JAK-STAT) pathway (Levy and Darnell, 1990; Kerr and Stark, 1991; Williams, 1991; 
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Pellegrini and Schindler, 1993).  Both Type I (α, β) and Type II (γ) IFNs participate in a 

congruent activation pathway in which extracellular ligand binds to a membrane bound 

receptor to initiate an activation cascade as is described in the schematic diagram  in 

figure 1.   

Specific to these interactions, the alpha and beta IFNs mediate their activity 

through two common receptor subunits, IFN-α and βL  receptor subunits. IFN-γ bind to a 

receptor uncommon to that of the IFN-α and –β cytokines receptor subunits.  The IFN-γ 

ligand binds to IFNγR1 and IFNγR2.  IFN mediated signaling from virally infected cells 

involves the interaction of IFN-α, IFN-β with their cognate cytoplasmic membrane  

receptor subunits, which eventually leads to activation of the two receptor associated 

tyrosine kinases and hetero-dimerization of the IFN-α and βL  receptor subunits.     Jak-1 

and Tyk-2 kinases function in the IFN-α/β signal transduction pathway (Mogensen et al., 

1999).  These activated tyrosine kinases phosphorylate the βL receptor subunits IFNαR1 

and the α subunit, IFNαR2, allowing for the interaction of the cytoplasmic Stat-1 and Stat-

2 (Heim et al, 1995; Leung et al., 1995; Schindler and Darnell, 1995).  Phosphorylated 

and activated Stat-1 and Stat-2 associate to form a Stat1:Stat2 heterodimer, which then 

translocate into the nuclear compartment.  Once inside the nucleus, the phosphorylated 

Stat1:Stat2 heterodimer interacts with IRF-9 protein to form the active trans-activational 

protein complex;  IFN-stimulated gene factor 3 (ISGF3) complex.  The ISGF3 complex 

then interacts with the promoter of genes for the interferon stimulatory response  element 

(ISRE)  (Veals et al., 1992), which is the cis-acting DNA element that drives the 

expression of genes associated with IFN-α/β induction (Figure 1).  
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Figure 1.  Schematic Representation of Interferon Type I (α, β) and Interferon  
Type II (γ) Signal Transduction Mechanism. 
 
The signaling transduction of both Type I and Type II IFN follow a similar path of 
activation.  The cytokine ligand bind to its cognate receptor subunits.  These interactions 
results in the activation of Jak and Stat transcription factors by tyrosine phosphorylation.  
Specifically, the binding of IFN-α/β results in the phosphorylation of Jak-1 and Tyk-2 
with concomittent activation of Stat-1 and Stat-2 by phosphorylation.  These Stat-1 and 
Stat-2 form a heterodimer permitting nuclear translocation and subsequent complex 
association with IRF-9 protein to form the IFN-stimulated gene factor 3 (ISGF-3) and 
stimulates transcription of IFN-α/β-inducible genes through the interferon stimulatory 
response element (ISRE).  The binding of IFN-γ results in the phosphorylation of Jak-1 
and Jak-2 kinases and subsequent activation by phosphorylation of two Stat-1 proteins, 
homo-dimerization and nuclear translocation.  This Stat-1 homo-dimer, known as the 
gamma activation factor (GAF), transcriptionally activates promoter sequences 
containing the gamma activation sequence (GAS) element (Adelson, 1999).   
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In addition to the interferon-α/β genes, genes associated with the guanylate binding 

protein (GBP), the interferon regulatory factor 1 (IRF-1), the double-stranded RNA 

dependent enzymes, adenosine deaminase, Protein Kinase R (PKR) and 2’,5’ 

oligoadenlyate (2-5OAS) are all dramatically up-regulated in response to IFN (Staeheli, 

1990; Patterson and Samuel, 1995).  These interferon inducible proteins; Guanylate 

binding protein (GBP) is a GTPase that hydrolyze GTP predominately to GMP 

(Schwemmle and Staeheli, 1994).  Interferon regulatory factor 1 (IRF-1) is a member of 

the interferon regulatory transcription factor (IRF) family. IRF1 serves as an activator of 

IFN-α and β gene transcription, the major histo- compatibility complex (MHC) class I, 2-

5OAS and PKR genes.   IRF1 also functions as a transcription activator of genes induced 

by IFN-α and β, and IFN-γ. Furthermore, IRF1 has been shown to be involved in 

regulating apoptosis and tumor suppression.  Protein Kinase R (PKR) is a 

serine/threonine kinase that on activation, associates with and phosphorylates the 

eukaryotic initiation factor (eIF2-α), which results in global termination of protein 

translation (Lee and Esteban, 1993).   

Two well characterized enzymes of the interferon response that mediate the 

interferon antiviral and anti-proliferative capacities are PKR and  2-5A 

synthetase/RNaseL.  These enzymes are generated as latent enzymes and require 

activation by double stranded RNA (dsRNA) that is produced as replication intermediates 

during viral replication.    When activated, both PKR and  2-5A synthetase/RNaseL 

pathways primarily results in the deactivation of protein synthesis, albeit through 

different mechanisms.     
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1.3 Interferon Induced Protein Kinase R (PKR), The Double Stranded RNA 

Dependent Protein Kinase 

Protein Kinase R (PKR), also known as p68, is a ubiquitously expressed double 

stranded RNA (dsRNA) dependent protein serine/ theronine kinase that is induced by 

interferon and activated by dsRNA.  It is an essential component of the innate antiviral 

response and is implicated in the regulation of cell proliferation, differentiation, apoptosis 

and stress response (Tan and Katze, 1999).   PKR is primarily stimulated by the Type I 

interferons (α/β) and interferon γ and becomes activated by autophosphorylation on 

binding to dsRNA.  As a major component of the innate antiviral response, PKR’s 

activity may result in the regulation of protein translation by the inhibition of total 

cellular translation through phosphorylation of the eukaryotic initiation factor 2 α-subunit 

(eIF2α) (DeHaro et al., 1996; Stark et al., 1998); a biological process which is conserved 

from yeast to mammalian cells.  

 Homos sapien PKR  is a 551 amino acid protein with a molecular mass of approximately 

62 kDa as was determined by its cDNA open reading frame (ORF) (Meurs et al., 1990) 

and consist of two functionally distinct domains (Figure 2).  N-terminal position of the 

PKR carries the dsRNA binding regulatory domain (dsRBD).  The dsRBD consist of 

amino acids 10-170 in human PKR and contains two dsRNA binding motifs (dsRBMs) 

with approximately 70 amino acids in both and consist of 20 amino acid linkage between 

each dsRBMs.  Site directed mutagenesis have revealed that dsRBM1 is required for 

RNA binding while dsRBMII contributes to a lesser role (Romano et al., 1995).  Further 

studies have demonstrated that dsRBMI is an efficient substitute for dsRBMII while the 

converse replacement has shown to render poor dsRNA binding (Green and Mathews, 



 9

1992).  In addition, disruption of the R consensus sequence residues motif in the dsRBMI 

and II by amino acid substitution results in a lack of dsRNA binding (Chang et al., 1993).  

The C-terminal of PKR carries the conserved kinase catalytic domain and was identified 

as a serine/threonine kinase (Meurs et al., 1990) and is key in autophosphorylation and 

activation of eIF2α.  Previous studies have demonstrated that replacement of the 

subdomain II-invariant Lysine 296 with arginine (K296R) renders an inactive PKR by 

failure of autocatalysis and lack of eIF-2α protein kinase activity (Barber G.N.et al., 

1991; Thomis and Samuel 1992).   

Through cellular induction with IFNs, PKR is predominantly centralized in the cytoplasm 

in association with ribosomes in an inactive state (Pestka, 1987; Samuel, 1993; Thomis 

and Samuel, 1995), with residual amounts localized to the nucleus (Jimenez-Garcia et al.,  

Thomis and Samuel, 1995).  In the cytoplasm, the inactive form of PKR associates with 

and binds to RNA of a double stranded motif; RNA intermediates which are generally 

produced during the replication cycles of many viruses of infected cells.  dsRNA 

activators of PKR included the following: reovirus genome dsRNA; highly structured 

single stranded viral RNA such HIV TAR RNA and hepatitis delta virus RNA (Samuel, 

1995).  Two molecules of the 68kDa PKR bind to a single dsRNA molecule and initiation 

of autophosphorylation occurs with concomitant kinase activity in which PKR 

phosphorylates other proteins (Mathews and Shenk, 1991; Pathak et al., 1988).  Several 

investigations have demonstrated that autoactivation of PKR may involve intramolecular 

or intermolecular mechanisms (Samuel, 1995).  Although phosphorylation primarily 

occurs on serine residues of PKR, theronine residues may also be phosphorylated.  

Following activation, PKR mediates the intermolecular phosphorylation of several 
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protein substrates including: PKR itself; the IκB, which is the transcription factor 

inhibitor; the Tat protein encoded by the human immunodeficiency virus (HIV).    

Notably and the best characterized PKR substrate is the α subunit of the protein 

eukaryotic initiation factor 2 (eIF-2α) (Samuel, C.E. 1979).   eIF-2α is an essential factor 

involved in protein translation.  During protein translation, GTP is hydrolyzed to GDP 

during the release of the initiator methionine residue from the assembling initiation 

machinery (Lee and Esteban, 1993).  This GDP is released, with subsequent binding of a 

new molecule of GTP molecule to eIF-2B, allowing the protein initiation to recycle.  

However, once activated, PKR interacts with and phosphorylates a serine residue at 

position 51 of the α subunit of eIF-2α (Mathews and Shenk, 1991; Pathak et al., 1988).   

This phophorylation of eIF-2α impairs eIF-2B recycling capacity of GDP to GTP, which 

results in an inactive eIF-2-GDP.  Consequently, the phosphorylation of eIF-2α leads to 

global inhibition of translation by impairing eIF-2B from cycling the guanine nucleotides 

(Lee and Esteban, 1993).  The quantity of eIF-2B are in limited intracellular 

concentration that when 30% of eIF-2B is phosphorylated that all protein translation 

initiation is prevented (Hershey, 1989). And so, as a consequence of dsRNA 

accumulation in the cytoplasm of virally infected cells, PKR becomes activated, 

phosphorylates eIF-2α, therefore blocking the regeneration of eIF-2-GTP complex, 

leading to the inhibition of translation of cellular as well as viral mRNA.  Therefore, PKR 

action of interacting with and phosphorylating eIF-2α is one method whereby IFNs exerts 

its antiviral response (Figure 3). 
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Figure 2.  Schematic Model of PKR. 

In humans, PKR is a 551 amino acid in length and consist of two functionally distinct 
domains.  The amino terminus of the protein consist of regulartory domain which binds 
to dsRNA and contains two dsRNA binding motifs (dsRBMI and dsRBMII).   The 
carboxy terminus consist of the kinase catalytic domain which phosphorylates a variety 
of proteins when activated.   
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Figure 3.  Schematic Representation of PKR and eIF-2α. 

PKR is induced by Type I and Type II interferons and is present in latent form within the 
cellular cytoplasm from mRNA translation.  Depicted here is the activation of PKR by 
dsRNA.  The binding of dsRNA to PKR induces a conformational change and promotion 
of PKR dimerization, autophosphorylation, and activation of eIF-2α with eventual 
inhibition of mRNA translation.   
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1.4 2’,5’-Oligoadenylate Synthetase (2-5OAS), Double Stranded RNA Induced 

RNA cleavage is fundamental to host immune responses against viral infection and 

replication in both the plant and animal kingdoms (Ding, S.W., 2007).  In higher 

vertebrates, this process is regulated by the interferon (IFN) system (Isaacs & 

Lindenman, 1957).  The principle IFNI and IFNII induced protein involved in RNA 

interference during viral infection is ubiquitously expressed cellular 2-5OAS enzymes.  

These 2-5OAS enzymes are constitutively expressed in low levels throughout the 

mammalian cells life cycle and act as pattern-recognition receptors (PRRs) for the 

detection of dsRNA within the cytosol (Haller et al., 2006).  This is a family of IFN 

induced enzymes which, when activated by double-stranded RNA, oligomerize ATP into 

2’-5’-linked oligoadenylates (2-5A) ranging from dimers to 30-mers.  There are four 

distinctive forms of 2-5OAS identified in human, which have been categorized based on 

their sizes as either small (40/46kDa) designated as OAS1, medium (69/71kDa) 

designated as OAS2, large (100kDa) designated as OAS3 and OASL (OAS-like) with 

two OASL transcripts producing two proteins of 30 and 59kDA that constitute the 2-

5OAS family of proteins (Chebath et al., 1987).   

Genes for these distinct isoforms are clustered over approximately 130kb on human 

chromosome 12 and may have arisen due to duplication of common ancestral gene 

(Hovnanian et al., 1998; Williams et al., 1986).  Consequently, there is a high degree of 

homology found among the isoforms (Figure 4). (Justesen, et al.,  2000; Rebouillat and 

Hovanessian, 1999). Although clustered on the same chromosome, each OAS protein 

isoforms are products of four distinct genes (Chebath et al.,  1987).  Therefore, these 

findings suggest that the mammalian OAS genes went through successive gene 
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duplication events, which resulted in four sizes of enzymes with homologous domains 

(Kumar et al., , 2000).  Cross-species homology has also been demonstrated.  2-5A 

synthetases  with similar molecular masses to those of human OAS1 have been cloned in 

the mouse, the rat and the chicken (Ghosh et al., 1991; Truve et al., 1993).  All these 

OASs have high degree of homology with human 40/46kDa 2-5A synthetase. 

The 40kDa and 46kDa forms of OAS are identical to each other at their N-terminal 

346 amino acid but vary at their C-terminal ends.  They are encoded through alternative 

spliced 1.6kb and 1.8kb mRNA transcripts derived from a single gene (Benech et al., 

1985; Hovanessian et al., 1998; Williams et al.,  1986,).  These differential splicing of the 

OAS1 forms occur between exon 5 and exon 6.  (Benech et al.,  1985; Saunders et al., 

1985 ) resulting with the 40kDa form having a hydrophobic C-terminus due to an 18 

amino acid extension and the 46kDa form possessing acidic terminus with an additional 

54 amino acids.  The initial 346 amino acid are highly conserved across OAS species and 

are referred to as the single OAS unit (Rebouillat and Hovenessian, 1999).  Both the 

medium and large isoforms, OAS2 and OAS3, evolved due to duplication of the single 2-

5OAS unit.   OAS2 isoforms vary at their carboxyl termini as a consequence of 

differential splicing.  Amino acid sequences 300 to 550 in OAS2 synthetases have a high 

degree of homology with the sequence is the OAS1 synthetases at their amino acid 

sequence from 100 to 350, which suggest similar functional domains with common 

enzymatic activities.  The 100kDa large isoform of OAS is an amino acid that is an 1,087 

amino acid protein and is composed of three adjacent repeat domains each with 

homology to OAS1 (Kumar et al., 2000; Rebouillat et al.,  1999).  The most distinctive 

form of the 2-5OAS proteins is the OASL proteins.  The 59kDa possess a nucleolar 
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localization signal at its C-terminius that account for its unique distribution in the cell.  

These OASL proteins have OAS domains similar to the active forms of 2-5OAS, 

however, mutations at key residues have rendered their catalytic function disabled.  

OAS1 and OAS2 proteins possess a tripeptide motif that mediates oligomerization.  

Therefore, OAS1 and OAS2 proteins become catalytically active enzymes as tetramers 

and dimers, respectively  (Chen, Benureau, Rijnbrand, et al., 2007).  The tripeptide motif 

is not conserved in the OAS domains of OAS3 or OASL and therefore, these proteins 

function as monomers.  Polymerization of the 2-5OAS monomers affect their 

processivity, with OAS3 synthesizing dimeric molecules of 2’,5’-linked oligomers, 

whereas OAS1 and OAS2 have the capacity to generate trimeric and tetrameric oligomers 

(Lin, Lacoste, Nakhaei, et al., 2006;  Brzozka K, Finke S. Conzelmann KK, 2005).  The 

dimeric 2’,5’-oligomers lack the capacity to efficiently activate RNaseL (Alff, 

Gavrilovskaya , Gorbunova , et al., 2006). 

These four different forms of OAS are compartmentalized and have been shown to 

be associated with different subcellular fractions, including membranes, cytoplasm and 

nucleus.  Polyclonal antibodies directed against the peptides for the the 40kDA and 

46kDa isoforms were also determined to be immuno-reactive with the 69kDa and 

100kDa isoforms.  Electrophoretic immunoblotting experiments performed on subcellular 

fractions of several cell lines demonstrated that the 40kDa, 46kDa and 69kDa isoforms 

are associated with the nuclei, while the 46kDa and 100kDa isoforms are associated with 

microsomes while the 69kDa isoform is associated with cellular membranes, nuclear 

envelopes, the rough endoplasmic reticulum and free ribosomes (Besse et al., 1998; 

Hovanessian et al., 1987).  The expression of each isoform is cell type specific with some 
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cells possessing a high concentration without IFN treatment and other lacking one or 

more isoforms following IFN induction.  This demonstrates that each protein act in 

distinctive roles in compartmentalized cellular processes outside the antiviral pathway 

influence (Sperling et al., 1991; Witt et al., 1993).  Additionally, they have different 

requirement for activation, such as they differ in the concentration of dsRNA for 

activation.  They also differ in their requirements for activation and optimal enzymatic 

activities; additionally, they differ in the size and pattern of the 2-5A products produced 

(Hovanessian et al., 1987; Hovanessian, Svab, Marie, et al., 1988; Witt, M et al., 1993).   

The small isoforms, which function as tetramers, and the medium isoforms, which 

functions as dimers, synthesize oligomers of 2-5A molecules, while the large form 

generate only dimers (Marie et al.,  1997).  Since 2-5A dimers are very poor activators of 

latent RNaseL it is recognized that the 100kDa isoform is not involved in the innate 

antiviral mechanism.  Instead, this 100kDa isoform has been clearly implicated in RNA 

splicing and its dimer product is thought to inhibit gene expression through direct 

interaction with topoisomerase I (Castora et al., 1991).  

 The cellular function of 2-5A synthetase result from its only known biochemical 

function which is to generate 2’,5’-oligoadenylates (2-5A) from ATP when activated by 

dsRNA.   In 1978 Kerr and Brown identified the thermostable products of 2-5OAS 

induced during interferon treatment in the presence of ATP and dsRNA to be 2’,5’-

oligoadenylates (2-5A), or  2’ to 5’ linked adenylate residues (Kerr and Brown, 1978).  

The reaction proceeds in the 5’ to 2’ direction following the equation below: 

 

(n+1) ATP= (2’,5’)pppA(pA)n +PPi (n ≥ 1) 
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The 2-5OAS enzyme catalyzes the 2’-5’ oligomerization of n+1 ATP molecules to yield 

a 2-5A molecule products consisting of one 5’-ATP and n number of AMP and 

pyrophosphate (PPi) moieties produced at a rate of 6.9 molecules of ATP converted to 2-

5A/enzyme molecule/sec (Figure 6).  Two types of ATP binding domains have been 

described; the 2’adenylation domain and the donor nucleotide binding domain (Ferbus et 

al.,  1981).  The 2’-adenylation domain can bind ATP, 3’-deoxyATP (cordycepin), 2-and 

8-azido ATP, and coordinates the α-phosphate of ATP or ATP analog for the formation 

of 2’,5’-phosphodiester linkage (Doetsch et al., 1981; Suhadolnik et al., 1987; Kon and 

Suhadolnik, 1996).  Kinetic studies on the formation of 2-5A oligomers have 

demonstrated that the the dimer pppA2’p5’A is the first product to accumulate 

predominantly during the first period of the reactions.  After a lag phase the trimer, 

tetramer and larger oligomers are generated throughout the course of the reaction:  The 

concentration of the trimer and higher oligomers increase at the deficit of the dimer.   The 

generated dimers and trimers are incorporated into higher oligomers, which indicates that 

the enzyme catalyzes the de no-vo synthesis of the oligonucleotide from ATP and that the 

mechanism of elongation of the 2’,5’-oligonucleoties catalyzed by the enzyme is not 

processive.  This indicates that the polymerization of a mixture of ATP and another 

nucleoside triphosphate in not only an ATP polymerase (Justesen et al., 1980).  The 

function of 2-5A is well established as the  activator of the latent endoribonuclease 

(RNaseL).  Clear data have demonstrated the participation of the 2-5A synthetase and 2-

5A in the antiviral activity.  Antisense RNA for the 40kDa 2-5A synthetase to circumvent 

the expression of 2-5A synthetase resulted in the inhibition of the antiviral effect of 
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interferon after interferon treatment (De Benedetti et al., 1987).  In addition, the over-

expression of the 40kDa 2-5A synthetase through HIV-LTR promoter expression resulted 

in higher levels and activity of 2-5A synthetase as a consequence of the transactivation of 

HIV-1 tat protein.  This increase in 2-5A synthetase activity enhances the ability of cells 

to inhibit HIV-1 replication after challenge (Schroder et al., 1990).  Once activated, 

RNaseL hydrolyzes  single-stranded RNA (ssRNA) of both cellular and viral origin as is 

depicted in Figure 5.   

 Double-stranded RNA serves as the natural regulator of 2-5OAS activation and is 

activated during viral infection (Rebouillat et al., 1999).  The activator my be naturally 

occurring or synthetic dsRNA such as poly(I)·poly© or a synthetic heteropolymer 

double-stranded RNA of defined size (Haines et al., 1992).  Work in this laboratory as 

demonstrated that  fructose 1, 6-bisphosphate can serve as an effective activator of 2-

5OAS (Suhadolnik et al., 1990). These dsRNA activators may be of single-stranded 

origins that possess significant double-stranded characteristics in addition to potential 

sources of dsRNA structures such as RNA duplexes such as duplexed viral genomic 

dsRNA released from virions upon infection.  Further experimental evidence suggest that 

the critical length of dsRNA to act as activators of 2-5OAS is a minimum of 30 base pairs 

to a maximum of 85 base pairs; species larger than 85 base pair serves no greater benefit 

for activation (Desai and Sen, 1997; Lengyel, 1987).  Three well documented and 

characterized dsRNAs of viral origin that affect 2-5OAS activity is the HIV TAR RNA, 

adenoviral VA1 RNA and HTLV1 Rex responsive element  (SenGupat et al., 1989; 

Maitra et al., 1995; Mordechai et al., 1995; Desai et al., 1995).  The TAR RNA sequence 

of HIV-1 is present at the 5’-termini of HIV-1 transcripts.  This structure forms a stable 



 19

secondary structure and just as with PKR, has the intrinsic ability to activate 2-5OAS 

(MacMicking et al., 1997).  However, disruption in the secondary structure of HIV-1 

TAR RNA  prevents activation of 2-5OAS.   

 Through deletion/mutation experiments, the 2-5OAS dsRNA binding domain has 

been identified in the 46kDa murine enzyme and has been mapped to the amino terminus 

(Ghosh et al., 1995).  The ATP-binding domain(s) of 2-5OAS have also been elucidated.  

Kinetic studies suggest the presence of two ATP-binding sites one with high affinity site 

(Kd =9µM)  and one low affinity binding site (Kd =1000µM) (Ferbus et al., 1981; 

Suhadolnik et al., 1998).  The ATP binding domains of recombinant human 40kDa OAS 

sequence has been proven to be highly conserved among all OAS proteins as deduced 

from human, mouse and rat cDNAs (Kon et al, 1996). 

 

 

 

 

 

 



 20

 

 

Figure   4.  Domain Structure of OAS Proteins. 

The OAS1, OAS2 and OAS3 proteins contain 1, 2, and 3 copies, respectively, of the 
OAS domains.  The duplicated OAS domains within OAS2 and OAS3 and the single 
OASL domain  are catalytically inactive.  The C-termini of all the OAS proteins are 
variable, with the OASL encoding a unique ubiquitin-like domain (UBL).  The 
catalytically active OAS domain generates 2-5A from ATP, which acts to activate  
RNase L.   
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1.5 The 2-5A Dependent Endoribonuclease, RNase L 

2’,5’-oligoadenylates (2-5A) specifically activates the latent form of  2’,5’-dependent 

endoribonuclease L (RNase L) leading to RNA degradation as depicted in figure 6 .  

RNaseL is expressed as an 80kDa protein and possess two kinase-like domains and nine 

ankyrin repeats (figure 5).  The gene for the RNase L protein is encoded by the RNSA 

gene and is mapped  to human chromosome 1 in region 1q25 by in situ hybridization 

(Squire et al.,  1994; Zhou et al.,  1993) and is constitutively expressed in an inactive 

monomeric form in most cell types (Floyd and Denton, 1988).  It is well determined that 

RNase L exert a negative regulatory enzymatic influence and may function as a tumor 

suppressor (Hassel, et al., 1993).  This is demonstrated by the fact that several human 

cancers have been attributed to genetic mutation within the 1q region  (Chen, et al., 1989; 

Jin,et al., 1990; Pathak, et al., 1991, Sano et al., 1991).   Cellular RNase L is positively 

regulated by 2-5A and serves as the functional unit of the 2-5OAS pathway of the IFN 

system.  Gene interruption specifically targeting the RNase L gene effectively provides a 

functional knockout for the 2-5OAS pathway.  This is largely due to the fact that 2-5A is 

the sole activator of the latent form of RNase L.  For example, studies conducted using 

mice with a homozygous knockout for RNase L with  a genotype and phenotype of 

RNase L ¯ / ¯  mice die more rapidly in response to infection with EMC virus and do mice 

that are wild type for RNase L (Zhou, Paranjape, et al., 1999; Zhou, Paranjape, et al, 

1997). Further evidence supports the role of RNase L in the destabilization of mRNAs.  

Comparative kinetic analyses with RNase L ¯ / ¯  and RNase L +/+   mice demonstrated that 

IFN-induced gene product are elevated in RNase L deficient mice (Li, Blackfor, et al., 

2000).  These findings taken together, validate the role of  RNase L /2’,5’OAS pathway.   
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Activation of RNase L requires very low concentrations of 2-5A in the range of 

nanomolar concentrations (Kerr, and Brown, 1978).  Activation requires the binding of 

three of more 2-5A molecules in a 1:1 subnanomolar concentrations.  Once activated, 

RNase L cleaves mRNA at the 3’ linkage of UpNp sequences in both viral and cellular 

origins (Floyd-Smith, Slattery, and Lengyel, P. 1981).  Degradation of mRNA leads to 

inhibition of protein translation and protein synthesis.  However, without the positive 

regulation of 2-5A,  the inactive state of RNase L is found in a heteromeric complex in 

association with the RNase L inhibitor protein  (RLI)  (Bisbal, et al., 1995).  RLI is a 

cellular polypeptide of 68kDa  and is encoded by a gene localized to chromosome 4q31 

by in situ hybridization (Aubry, et al., 1996) and function as an antagonist to RNase L’s 

nuclease activity when in direct association with RNase L.  RLI is ubiquitously expressed 

and fails to be regulated by IFN (Bisbal, et al.,  1995).  Direct evidence of the action of 

RLI has been demonstrated through co-immunoprecipitattion with RNase L through the 

use of an RNase L nuclease-specific antibody.  In addition, the property of RLI as 

inhibitor to RNase L was elucidated by electrophoretic separation of both proteins, which 

resulted in the restoration of RNase L activity.  Although functioning as an inhibitor of 

RNase L, RLI does not contribute to the degradation of 2-5A or to the irreversible 

modification of RNase L.  Its stable expression in reticulocyte extracts directly 

antagonizes the binding of 2-5A to the endonuclease RNase L:  Therefore, without 2-5A 

binding, the endogenous RNase L remains as the 40kDa inactive protein.  Further 

evidence has shown that the over-expression of RLI in stably transduced Hela cells 

inhibits the antiviral capacity of IFNα/β in encephalomyocarditis virus (EMCV)  but not 

n vesicular stomatitis virus. This inhibition, of course, requires the association of RLI 
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with the nuclease and is dependent on the ratio between RNase L and RLI.  Additional 

experimental proof indicative of the attributes of RLI as an inhibitory regulator of RNase 

L and an important mediator of the 2-5A/RNase L pathway was demonstrated by the use 

of an antisense construct of RLI which partially blocks the down regulation of the 2-

5A/RNase L pathway in EMCV infected cells (Martinand,  et al.,  1998).    
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Figure 5.   Structural and Functional Domains of 80kDa  RNase L. 

The N-terminal half of RNase L has nine N-terminal ankyrin repeats (ANK), which 
mediate protein-protein interactions and and contains the 2-5A binding domain.  The C-
terminal portion of RNase L contains a protein kinase homology with no catalytic activity 
and the ribonuclease domain.   
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Figure 6.  Schematic Representation of 2-5OAS and RNase L Activation. 

2-5OAS  is induced by Type I and Type II interferons and is present in latent form within 
the cellular cytoplasm from mRNA translation.  Depicted here is the activation of 2-
5OAS by dsRNA.  The binding of dsRNA to 2-5OAS induces a conformational change 
and promotion of 2-5OAS dimerization, autophosphorylation, and activation of RNase L 
with dimerization and eventual degradation of ssRNA.   
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1.6 Viral Evasion of the Interferon-Inducible Antiviral Pathway 

As intracellular parasites, many viruses have co-evolved various strategies to evade 

host IFN-induced  antiviral defense mechanisms.  Different viruses have been shown to 

generate gene products which antagonize and block the Jak/Stat pathway, the cellular 

functions of 2-5OAS and PKR (Cayley et al.,  1982; Cebulla et al.,  1999; Katze, 1992, 

1993; McNair and Kerr, 1992).  Generally, viruses utilize several strategies to antagonize 

the induction of IFN-induced proteins. There are five main methods whereby viruses 

circumvent the IFN host responses: 1) These intracellular parasites may generate proteins 

which globally interferes with the host cell gene expression and  shut off protein 

synthesis;  2) some viruses may limit the production of IFN by minimizing the production 

of viral pathogen associated molecular patterns or PAMPs;  3) blocking the IFN signaling 

cascade; 4) specifically blocking IFN induced enzymes; and 5) changing their replication 

strategy that is undetectable to the action of IFN and IFN-induced enzymes (Table 1). 

Many viruses circumvent the IFN system by taking over the protein synthesis 

machinery of the cell, which leads to the selective expression of proteins of viral origin to 

the deficit or inhibition of cellular protein synthesis.  Host shutoff is the process whereby 

cellular macromolecular synthesis is suppressed due to the viral domination of host 

metabolism during viral infection.  This shutoff favors the viral transcripts over the 

endogenous cellular transcripts.  However, it is not absolutely utilized by all viruses and 

host shutoff is not a prerequisite to facilitate viral replication.  Host shutoff may 

encompass a disturbance in intracellular ion concentrations and nucleotide metabolism, 

alteration in RNA stability, processing and export (Garry et al., 1979; Katze, 1996; Katze 

M.G. and M.B. Agy, 1990).  In cells infected with vesicular stomatitis virus (VSV) there 
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is an alteration for cellular mRNA translation in favor of viral mRNA translation.  This 

shift in mRNA translation is attributed to the overwhelming abundance of viral mRNA.  

Therefore, the preferential translation of viral mRNA was a direct result of ribosomal 

competition (Lodish and Porter, 1980).  The reduction of IFN production is another 

method some virus favor to enhance their replication capabilities.  For example; patients 

chronically infected with the hepatitis B virus (HBV) show no detectable levels of IFN in 

their sera in spite of ongoing viral replication.  The experimental  evidence indicates that 

virally encoded core and E antigens are capable of inhibiting IFN-α and IFN-β 

production.  The mechanism whereby this process occurs is believed to be the result of 

viral core interaction with DNA elements with the interferon promoter region.  Other 

viruses block IFN production by directly interfering with the signal transduction 

pathways involved in the IFN synthesis.  Human herpes virus 8 (HPV8) encodes four IRF 

homologues (vIRFs) which inhibit cellular IRFs, such as IRF-I, IRF-3 and IRF-7 though 

a dominant-negative effect (Zimring , et al., 1998; Lubyova et al., 2000).  In addition, the 

E6 protein of human papilloma virus 16 directly binds to and prevents the activation of 

IRF-3 (Ronco et al., 1998 ).   

The human immunodeficiency virus 1 (HIV-1) employs several mechanism to down-

regulate the IFN response.  For instance; patients infected with HIV-1 exhibit reduction 

of IFN-γ in mononuclear cells.  Added to that, the two best characterized IFN-induced 

enzymes, PKR and 2-5OAS, are both affected during virus infection of HIV-1.  The 

evolution of HIV-1 has rendered it with particular attractive qualities to interfere with 

these two IFN-induced enzymes.  Particularly, HIV-1 possesses within the 3’LTR region 

of all its mRNA a dsRNA motif or dsRNA hairpin loop structure known as the Trans-
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Activation Responsive (TAR) element located from nucleotide position +1 to +59.  This 

dsRNA loop structure was first identified as the target for the trans-activator of HIV, the 

Tat protein, which is a requirement for the efficient transcription of viral genes and for 

viral replication (Brigati et al.,  2003; Gatignol,  and Jeang  2000; Marcello et al.,  2001).  

TAR serves as the dsRNA activator of both PKR and 2-5OAS antiviral proteins  

( Shroder, et al., 1990).     
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Table 1.  Viral Inhibition of IFN-Induced Antiviral Innate Mechanis m 

________________________________________________________________________
Site of Action  Virus   Viral Factor  Mode of Action 
________________________________________________________________________ 
 
Interferon hepatitis B Virus         core protein                  Binds to  DNA                
Production                                                                                            response elements 
                                    Adenovirus 5               12S  E1A    unknown 
            
   EBV   BCRF-1   inhibition of  
      (IL-10 homologue)      production of  
          IFNγ   
________________________________________________________________________ 
Signal    Epstein-Barr/  EBNA 2             Inhibition of  
Transduction                                                                                        transcription 
pathway 
________________________________________________________________________ 
dsRNA-dependent Adenovirus                   VAI RNA   Binds to PKR 
protein kinase PKR         and halts  
            its activation   
   
                                     HIV     Tat Protein  Prevents activation 
         Inhibits PKR 
                                                                                                             Transcription 
 
   Vaccinia                         K3L              eIF2-α analogue 

________________________________________________________________________ 

2’,5’ A synthetase HIV     Tat protein  prevents activation of       
of protein by     
sequestering  TAR 
RNA 
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1.7 The Human Immunodeficiency Virus and Innate Immunity 

Individually, in 1983 two laboratories first identified and characterized the human 

immunodeficiency virus (HIV) that is the etiological agent for Acquired Immuno-

Deficiency Syndrome (AIDS) (Gallo et al, 1983; Barre-Sinousi et a.l, 1983).  HIV-1 has 

been classified as a lentivirus, a subfamily of Retroviridae.   It primarily targets cells of 

the immune system and preferentially identify and infects T lymphocytes bearing CD4 

receptors (Coffin, 1990; Schnittman et al., 1989).  There are several modes of 

transmission: This virus can potentially be transmitted by infected persons through sexual 

contact, through intravenous needle sharing, through contaminated blood and blood 

products and by vertical transmission from infected mother in utero or via lactation 

(McCune, 1991; Boyer and Dillon, 1994).  However, transmission is highly dependent on 

viral titers of infected persons and the immune capacity of recipient.  Time of 

development from exposure to full blown disease is approximately 10 years, although 

some infected persons are slow progressors and remain healthy for extended period of 

time with and without antivirals (Schrager et al., 1994).  AIDS is best characterized by 

progressive loss of CD4+ T helper cells through direct viral killing,  immune surveillance 

and T cell apoptosis with an overall suppression of  immunity.  Progression to AIDS also 

encompasses cytokine dys-regulation and the development of secondary opportunistic 

infections such as Kaposi’s sarcoma and Pneumocystis carinii.  Those who maintain  

non-treatment with antiviral agents are likely to develop full blown AIDS and succumb to 

an array of infections (Coffin, 1990; McCune, 1991).  Figure 7, the Fauci graph, is a 

depiction of disease progression from the point of infection to death.   

 



 31

 

 

 

 

Figure 7.  Course of HIV-1 Infection. 

The early period after primary infection is characteristic of widespread cellular transfer of 
virus and an acute decline in the number of CD4 T cells in peripheral blood. An immune 
response to HIV follows, with a reduction in viremia followed by a lengthy period of 
clinical latency. The CD4 T-cell count continues to decline during the following years, 
until it reaches a critical level below which there is a substantial risk of opportunistic 
diseases (Pantaleo, Graziosi, Fausi.(1993). 
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The body is not without immune surveillance with HIV-1 infection.  As a function of 

immunity, the IFN system is central to the inhibition of HIV-1 replication.  Specifically, 

IFN α and β are essential to exerting an anti-viral impact on HIV-1 infection.  The two 

pivotal components of the innate anti-viral capacity against HIV-1 are the dsRNA 

activated PKR and 2-5OAS.  Although these two IFN induced enzymes are activated 

following HIV-1 infection and initial replication, as mentioned above, many viruses and 

HIV-1 are capable of disrupting their pathways.  It has been clearly determined the 

significance of PKR and 2-5OAS in controlling HIV-1 replication (Soumelis V. et al., 

2001; Feldman S., et al., 2001; Su Y., et al., 1995).    However, the induction of IFN 

genes in T lymphocytes and monocytes are disrupted by HIV-1 infection.  To that, it has 

also been shown that RNase L activity in extracts of PBMC from HIV-1 infected patients 

is greatly inhibited (Carter WA, et al., 1987 ).  In addition, 2-5A binding to RNase L is 

diminished (Wu JM., et al., 1986).  As with HIV-1, during the initial course of infection, 

both PKR and 2-5OAS anti-viral pathways are upregulated by the cytoplasmic HIV-1 

TAR RNA, which acts as dsRNA activator, to sufficiently block the progression of HIV-

1 replication (Roy, S., et al.,  1990; Roy, S., et al., 1991;  Judeware, R., et al.,  1993).  

However, as HIV-1 replication proceeds, and as new HIV-1 RNAs are translated, newly 

synthesized Tat protein binds to HIV-1 TAR RNA, sequestering it from both PKR and 2-

5OAS and increases the efficiency of transcription for HIV-1 mRNA.  As a result, PKR 

and 2-5OAS fail to become activated because the TAT RNA becomes limited.  

Therefore, one main function of the Tat protein is to relieve the IFN induced inhibition of 

HIV-1 replication by blocking both PKR and 2-5OAS, enhancing translation of HIV-1 

mRNA allowing for the generation of newly formed infectious particles.  This, of course, 
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will lead to newly infected cells and eventually eventual breakdown of immunity and of 

course, AIDS, if left untreated.   

 

1.8 Gene Therapy  

Corrective bone marrow transplantation has been applied for four decades as a 

therapeutic methodology for the treatment of metabolic maladies and cancers (Brenner, 

1993; Blaese, 1993; Forman, 1994). Medicine as clearly demonstrated that the 

hematopoietic system malleable in reconstitution by engraftment with functional 

allogeneic donor cells for treatment.  However, histocompatiblity of cells for 

transplantation without host vs graft rejection is a major concern to patients and 

clinicians.  Therefore, the development of alternative strategies are essential to 

circumventing the issue of host rejections.  During the era of bone marrow engraftment 

therapy, the concept of genetic therapy was first introduced by Rogers in 1970, whereby 

the notion of  corrective exogenous sources of DNA could be utilized as a substitute of 

defective DNA to reactivate proper metabolic processes  in the treatment of those who 

are affected by genetic diseases.  Therefore, gene therapy is the biological process 

whereby functional genes of exogenous origins are inserted into the individual host 

genome of cells for the purpose of correcting a non-functional, mutant, or deactivated 

gene(s) to treat a variety of human diseases.  Advances in the field of molecular genetics 

have demonstrated the successful expression and restoration of exogeneous sources of 

genes in individual cells with  defective phenotypes.    Gene therapy is classified in one 

of two ways.  Genetic gene transfer can be accomplished by germline gene transfer 

whereby germline cells, sperm or ovum cells, are modified by the introduction of 
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functional genes, thereby allowing the passage of modification to every generated cell 

and future familial generations.  Secondly, gene transfer can be performed through 

somatic gene therapy in which therapeutic genes are transferred to somatic cells of 

individual patients.  This modification is an endpoint and affects the individual and no 

generations thereafter.   

Historically, although many efforts by scientist and advancements in gene therapeutic 

approaches, gene therapy has been met with few successes.  The ongoing problem with 

the introduction of foreign DNA into recipient cells is the technical challenges with the 

efficiency of gene introduction:  gene introduction has a low efficiency.  Some genetic 

treatments of diseases such as cystic fibrosis (CF) and adenosine deaminase deficiency 

has been beneficial with low efficiency of genetic therapy (Crystal, Jaffe A, Brody S, 

Mastrangeli, et al., 1995;  Blease, 1993).  Gene transfer to targeted cell population has 

been attempted and accomplished through introduction of plasmid DNA by 

electroporation, calcium-phosphate co-precipitation, conjugation of cationic liposomes, 

and DEAE-dextran transfection (Sambrook, 1989).  These techniques of gene 

introduction have proven inefficient because of instability of genomic DNA of the 

targeted cells and host cell interruption (Baum, 1994; Felgner and Ringold, 1989; Smith 

1995). Recently, viral vectors have been in development and employed in the  delivery of 

functional genes to cells.    

Advances in genetic technical approaches have matured with the use of viral vectors as 

genetic delivery systems.  Viruses have evolved exquisite mechanism to bind to their host 

cells and easily introduce their genetic materials as part of their replication cycle.  These 

viral genetic materials possess basic information for the production of many copies of 
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replicative competent viral particles.  This ability of viruses to inject their genetic 

information with high efficiencies has lead to the development of viral vectors as vehicles 

for the introduction of functional transgenes.  The predominant forms of biological 

shuttles systems which are under investigation include adenovirus (AV), adeno-

associated virus (AAV), retroviruses, and lentiviral systems.  Recombinant adenviral 

vehicles have the capacity to infect non-dividing cells with high efficiency of 

transduction.  However, the expression of the exogenous transgene is transient and may 

initiate a host inflammatory response (Horwiz, 1990; Rosenfeld and Collins, 1996).  

Adeno-associated viruses require the use of adenovirus for propagation and can infect 

quiescent cells.  The wild type virus has the capacity to incorporate its genetic material 

with high efficiency in human chromosome 19 and has no association with human 

diseases.  Therefore, unlike adenoviral vectors, AAV will pose no potential of immune 

responses.  As with the adenoviral vector system, the recombinant AAV system lacks the 

ability to integrate into the human genome.  Instead, it may form an episome for long 

term gene expression.  Although this AAV vector system have broader tissue tropism 

than adenoviral vectors (Flotte and Carter, 1995; Carter and Flotte, 1996; Smith, 1995), a 

primary disadvantage to the AAV system is the limited amount of DNA it can transport.   

Retroviral vectors, which are predominately derived from the Moloney Murine Leukemia 

Virus (MMLV), are highly efficient at introducing foreign genes into target cells and are 

primarily used for it efficiency of transduction.  Its packaging capacity is approximately 

7-8kb in size and other properties include its capacity for transducing dividing cells, as 

well as high levels of gene expression and stable gene expression as a consequence of 

gene insertion (Miller et al.,1990; Gilboa et al., 1988; Guild et al., 1988).  However, the 
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main drawbacks of MMLV are its inability to transduce non-dividing cells and its 

potential to cause insertional mutagenesis.  Although there have been successful 

approaches to gene therapy using MMLV system, there are also some safety concerns.  

Successful genetic treatment of twenty patients with X-linked severe combined 

deficiency (X-SCID) by retroviral MMLV through ex-vivo transduction, expansion and 

re-engraftment of hematopoietic stem cells has been clearly demonstrated.  However, the 

use of the MMLV system caused the development of leukemia in three of the patients, 

which was a direct result of insertional mutagenesis (Thrasher et al., 2006).  And though 

used as the primary vector for gene delivery, the MMVL shows low transduction 

efficiency and poor long-term gene expression, which have hindered the use of MMLV in 

clinical applications (Miller, 1992; Mulligen, 1993; Yee, 1999).  As with retroviral 

vectors, lentiviral vector systems have the capacity to transduce dividing cells.  In 

contrast to MMLV, lentiviruses such as HIV-1 are able to infect non-dividing cells such 

as hepatocytes, myoblasts, neurons, resting T lymphocytes and hematopoietic stems cells 

(Burinsky, et al., 1992; Lewis, et al., 1992; and Weinberg, et al., 1991). However, as an 

improved gene delivery system, lentiviral vectors have the capacity to introduce their 

foreign transgenes with high efficiency to non-dividing cells (Lewis, et al.,  1992).  An 

added advantage is its capacity to carry 10kb of nucleic acid, which is an added flexibility 

to introduce genes of large sizes.    The HIV-1 based vectors are pseudotyped with the 

vesicular stomatitis virus G glycoprotein (VSV-G) generating a broad tropism and are 

thus capable of transducing a wide range of tissue with vectors of high titers.  These 

pseudotyped HIV-1 based vectors are also able to stably integrate into host cell genome 

and sustain long-term transgene expression in a number of tissue types (Blomer, et al., 
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1997; Kafri, et al., 1997; Naldine, et al., 1996).  Although these HIV-1 vectors are 

expanding as useful tools in the field of gene therapy, there are safety concerns, since 

HIV-1 is the causative agent of AIDS.  The primary safety issue is the possibility of 

generation of replication-competent viruses during the production of vectors through the 

recombination of vectors with wild-type HIV-1 strains.  However, the probability of 

generating replication-competent viruses is reduced through the use of three-plasmid 

expression systems, which consist of separate packaging, envelope and transgene vectors.  

Safety is further enhanced by eliminating all unessential accessory genes (vif, vpr, vpu 

and nef) from the packaging construct without affecting the capacity of the lentiviral 

vector to transduce non-dividing cells.  Another major safety concern of lentiviral vectors 

is the major issue that limits the usefulness of MMLV.  There is a potential for random 

insertion, which may result is insertional mutagenesis.  Of specific concern is the 

possibility of random integration driving the activation of cellular oncogenes by the 

pseudotyped virus promoter long terminal repeat (LTR).  Although these shortcomings to 

gene therapy, scientist are optimistic in the advancement of the many genetic therapeutic 

approaches.  This is proven by the fact of completed clinical trails on the over 150 

clinical trails in process.  This is a testament that genetic molecular approaches have great 

potential in the treatment of human diseases.   However, many scientists are attempting to 

reduce the potential of vector based pathogenesis.  To circumvent the problems 

associated with retroviral based genetic approach, researchers have developed self-

inactivating (SIN) vectors in which the viral enhancer and promoter sequences have been 

deleted on the 3’long terminal repeats (LTR) without affecting viral titers and 

transduction capacity (Miyoshi, et al., 1998; and Zufferey, et al., 1998).     The 
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transcriptional inactivation of viral LTRs in the SIN provirus should also prevent 

mobilization of replication-competent viruses.  Additional modifications at the 5’LTR 

whereby the U3 region has been replaced with the cytomegalovirus (CMV) promoter 

reduces the chances of genetic recombination to generate replication-competent viruses 

due to the deletion in the U3 sequence in the virus production system (Miyoshi, et al., 

1998; and Iwakuma et al., 1999).  Therefore, these adjustments enhance safety in HIV-1 

lentiviral based vectors and potentially provide a safe route for genetic therapy.   

 

1.9  Intracellular Immunization in the Treatment of  HIV-1  

Despite many years of research in discovery of a cure or vaccine for the treatment of 

AIDS and HIV-1 related illnesses, HIV-1 still remains a great public health issue.  

Although HAART therapies have had significant impact on those infected with this virus 

by reducing viral replication and HIV-1 RNA copies, delaying progression to the disease 

state and increase in the titers of CD4+ T lymphocytes, and a reduction of immune 

activation, allowing for the enhanced survival of those afflicted, it is not a cure.  In 

addition, HAART  has many drawbacks.   First of all, affordable therapy is not available 

for 95% of HIV-infected people in worldwide.  To that, HAART does not work in all 

cases and with a 20%-30% failure rate within the first year of therapy.  In addition to 

HAART failure, there is the concern of latently infected cellular pools.  These latently 

infected cells have been demonstrated in resting CD4+ T lymphocytes, latently infected 

memory CD4+ T lymphocytes and the tissue and organs of patients (Finzi,. et al., 1997; 

Chun,. et al., 1997; Chun,. et al., 1995; Chun, Fauci, et al., 1999 ).  As the virus evades 

the immune system by replication suppression in latent reservoirs, possible re-initiation 
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of infection is prolonged with therapy (Siliciano et al., 2003). As a result, HAART will 

not render a cure.  As a direct consequence of these latent reservoirs of HIV-1 it is hardly 

possible that HAART will eradicate HIV-1.   While there are many successes, HAART is 

not without it toxicities.  Toxicities associated with HAART included the following 

(section 1.1): 1) Lipoatrophy; 2) Abnormal fat accumulation; 3) Hyperlipidemia; 4) 

Insulin resistance; and many others.   Therefore, researchers must address these 

limitations by developing new and innovative strategies to supplement the current modes 

of treatment.    

The development of retroviral and lentiviral vectors has expanded the capability of 

therapeutic transduction of therapeutic transgenes into the DNA of target cells.  

Intracellular Immunization, first conceived by David Baltimore, is described as the 

regulated expression of molecular species specifically designed to interfere with and to 

prevent viral replication (Baltimore, 1988).  To be effective in intracellular immunization, 

the genes used in therapy must be stably expressed in sufficient quantities to interfere 

with viral replication; they must lack toxicity to the cell and must be transferred to the 

target cell with high efficiency without toxic affects during gene transfer.  Since 1988, 

several laboratories have adopted the approach on intracellular immunization to 

specifically inhibit HIV replication in vitro.  Several classes of anti-HIV genetic payloads 

have been successfully employed and have been shown to be effective in inhibiting HIV 

replication.  These approaches have involved the uses of dominant negative mutants 

proteins, intracellular antibodies, antisense RNA decoys, ribozyems, interfering RNA, 

and HIV-activated T cell receptors (reviewed, Dropulic, and June, 2006).   
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The role of the innate antiviral defense pathways has been clearly established.  However, 

as seen previously, HIV-1 can avoid the mechanisms of IFN induction.  And in view of 

this established fact that HIV-1 may circumvent the anti-viral capacities of both PKR and 

2-5OAS, intracellular immunization may offer a hope to counteract these evasion tactics.    
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1.10   Rationale of This Thesis 

This study described herein employs the very essence of intracellular immunization.  

Specifically, SIN-LVs are utilized in the approach of gene therapy for the inhibition of 

HIV-1 replication in vitro in SupT1 cells and CD4+ T lymphocytes.  This laboratory has 

previously demonstrated that the over-expression of PKR in a MMLV mediated 

transduction and lentiviral  mediated transduction has dramatically inhibited HIV-1 

replication in SupT1 cells, U1 monocytic cell lines,  and progeny of CD34+ 

hematopoietic stem cells (HSC), respectively (Adelson et al., 1999;  Muto et al, 1999; 

Dimitrova , Yang  et al., 2005)  In addition,  the laboratory have documented the 

inhibition of HIV-1 in PBMC from HIV-1 infected patients using nuclease-resistant 2-5A 

agonist analogs which functions downstream of HIV-1 induced blockades in the antiviral 

pathways (Homan et al., 2002; Dimitrova, Reichenbach, Yang et al., 2007).   Therefore, 

the working hypothesis of this study is that the over-expression of the natural cellular 

anti-viral enzymes, PKR and 2-5OAS, in the context of an SIN-LV can effectively inhibit 

HIV-1 replication and may provide a basis for effective therapeutic strategies.  The goal 

of the interferon induced proteins PKR and 2-5OAS in the gene therapy of HIV-1 is to 

inhibit HIV-1 replication in HIV-1 infected humans.  
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                                                    CHAPTER 2 

  MATERIALS AND METHODS 

2.1    Escherichia coli strains and Media for Bacterial Growth 

E. coli strains Top10 chemically competent strain and Stbl 3 chemically 

competent strain were used in the molecular cloning procedure for plasmid constructions.  

E coli strains were grown in Luria-Bertani (LB), which contains 10g/L tryptone, 5 g/L 

yeast extract, and 10g/L sodium chloride and sterilized by autoclaving (120ºC, 15 psi).  

Agar plates were generated by adding 15 g/L to the LB medium before autoclaving and 

cooled to 55ºC; the antibiotic ampicillin was included at a concentration of 50µg/ml prior 

to pouring agar medium into 100 mm2 bacterial plates (Fisher Scientifics) for the 

supplementation of the medium for the selection of bacteria containing plasmids with 

ampicillin genes 

 

2.2 Cell Culture 

293FT cells were purchased from Invitrogen. SupT1 cells were obtained from the 

AIDS Reference and Reagent Repository.  CD4+ T lymphocytes were obtained from 

University of Pennsylvania at Children’s Hospital of Philadelphia.   293FT cells were 

grown in Dulbecco’s Modified Eagle Media (DMEM) supplemented with 10% heat- 

inactivated fetal bovine serum, 100U/ml penicillin/streptomycin and 5% L-Glutamine.  

SupT1 cells were grown in RPMI1640 media and supplemented with 10% heat-

inactivated fetal bovine serum 100U/ml penicillin/streptomycin and 5% L-Glutamine.   

CD4 T lymphocytes were grown in RPMI1640 media and supplemented with 10% heat-

inactivated fetal bovine serum 100U/ml penicillin/streptomycin and 5% L-Glutamine and 
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and 50U/ml recombinant human IL-2 (PeproTech, Rocky Hill, NJ).  All cells were 

maintained in a 5% CO2, 37ºC incubator.  All media were mixed, filter and assayed for 

bacterial and fungal contamination by inoculation in liquid thioglycollate and Sabourand 

dextrose broth and tested for zero growth for 3 days at 37ºC prior to use.  The SupT1 cell 

line was first established from a pleural effusion from an eight-year-old Caucasian male 

with T cell lymphoblastic lymphoma in 1982; this cell line is CD4+ and is infectable by 

HIV-1 as is characterized by a burst of viral replication and production with a 

concomitant cytopathic phenotype with the formation of syncytia (Smith et al., 1984; 

Lifson et al., 1986).   

 

2.3 HIV-1 Preparation and Handling  

All safety measures and procedures for the manipulation of HIV-1 were followed 

as is outlined by the Temple University Department of Environmental Health and 

Radiation Safety.  All work was accomplished in the Biological Safety Level (BSL) 2 

facility of Temple University’s Old Medical School building using standard operating 

precautions.   SupT1 cells were expanded in culture, as is described above. T-tropic (X4) 

strains of HIV-1 (MN and IIIB) were obtained from AIDS Research and Reference 

Reagent Program (Division of AIDS , NIAID, Rockville, MD).  These X4 strains were 

propagated and expanded on SupT1 cells in separate T75 flasks and propagated in a 5% 

CO2, 37ºC incubator in RPMI (Cellgro) containing 10% heat-inactivated fetal bovine 

serum supplemented with 100U/ml penicillin/streptomycin and 5% L-Glutamine.  

Cultures supernatants from these HIV-1 infected SupT1 cells were harvested and cleared 

for cell debris at 500 x g, 15 min, 4ºC.  Supernatants were filtered through a 0.8µm filter 
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and stored in 10ml aliquot at -70ºC until use.  HIV-1 propagated strains were titered on 

SupT1 cells by scoring of syncytia formation (Henderson et al., 1991; Sobol et al., 1995) 

and titers were determined by p24 ELISA assay. 

 

2.4   Plasmid Design and Construction: Intermediate pBS Series 

The parental PKR plasmid, pcDNAI/neo plasmid, and 2-5OAS plasmid  pNK04 

were kindly provided by Dr. M.G. Katze, Washington University, were amplified and 

purified using Qiagen Plasmid purification Maxi Kit (Qiagen Inc., Valencia, Ca.).  The 

PKR cDNA and HIS-6 tagged PKR cDNA were amplified by PCR using forward and 

reverse DNA primers designed to generate PKR and HIS-6 tagged PKR using Pfx50 

DNA polymerase (Invitrogen, Carlsbad, CA) to generate blunt ended PCR products of 

1.7kb in size.  cDNAs 2-5OAS and HIS-6 tagged 2-5OAS were generated similarly.  

DNA sequencing for the verification of the cDNA accuracy was performed at NAPCore 

Facility at The Children’s Hospital of Philadelphia at the University of Pennsylvania.  

The PKR, HIS-6 tagged, 2-5OAS and HIS-6 tagged cDNA sequences obtain were in 

complete agreement to that of the NCBI sequence (accession number BC057805)  and 

NCBI sequence (accession number BC000562), respectively. 

PCR products were subcloned separately into an intermediate PBS plasmid, provided by 

Dr. Richard Sutton, Baylor College of Medicine, as follows:  The intermediate PBS 

plasmid   was digested by EcoRI (New England Biolabs, Inc., Ipswich, Ma).  The 

linearized PBS was then purified using Qiagen gel extraction kit (Qiagen Inc., Valencia, 

CA).  Subsequently, the linearized PBS backbone, with its 5’ prime overhangs, was 

blunted using DNA polymerase I Large (Klenow) Fragment (New England Biolabs, Inc., 
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Ipswich, Ma).    The blunting reaction was purified using Qiagen Qiaquick purification 

kit (Qiagen Inc., Valencia, CA). Upon purification and removal of the Klenow fragment, 

the blunted intermediate PBS plasmid was dephosphorylated using Antarctic Phosphatase 

(New England Biolabs, Inc., Ipswich, Ma).    Upon removal of the 5’ phosphate groups, 

the PKR, HIS-6 tagged PKR cDNA, 2-5OAS and HIS-6 tagged 2-5OAS were separately 

subcloned into the intermediate PBS plasmid by double blunt ended ligations using T4 

ligase (New England Biolabs, Inc., Ipswich, Ma)  at 16ºC for 16 hr at a final volume of 

20µl to generate the following plasmids; PBS-CMV-PKR-IRES-EGFP,  PBS-CMV-

HIS6PKR-IRES-EGFP, PBS-CMV-2-5OAS-IRES-EGFP, and PBS-CMV-HIS2-5OAS-

IRES-EGFP. 

  Escherichia coli (TOP 10, Invitrogen, Carlsbad, CA) was transformed with 4µl 

each of the ligation mixtures, and individual colonies were selected and processed for 

plasmid preparation by Rapid, small scale plasmid isolation by boiling.  The sizes of the 

experimental plasmids were evaluated on 0.9% agarose gel against the parental 

intermediate PBS plasmid control by a shift in plasmid migration.   

The size and orientation of the experimental plasmids (PBS-CMV-PKR-IRES-EGFP,  

PBS-CMV-HIS6PKR-IRES-EGFP, PBS-CMV-2-5OAS-IRES-EGFP, and PBS-CMV-

HIS2-5OAS-IRES-EGFP) were further determined by double restriction digestion 

analysis using NotI and EcoRI  (New England Biolabs, Inc., Ipswich, Ma).                                                                                                      
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Figure 8. Schematic Representation of the pBS Plasmid Series of Constructs.                                      

The (a) pBS plasmid (Sutton) series of (b) pBS/PKR, (c) pBS/HIS-PKR, (d) pBS/2-
5OAS (Reichenbach) and (e) pBS/HIS-2-5OAS were generated by initially digesting the 
parental pBS plasmid with restriction endonuclease EcoRI.  Restriction digestion was 
followed by blunting using klenow enzyme at which point the digested and blunted pBS 
was dephosphorylated using the Anartic phosphate enzyme.  PCR products for PKR, 
HIS-PKR, 2-5OAS and HIS-2-5OAS were individually sub-cloned downstream of the 
CMV promoter by double blunt end ligation using T4 DNA ligase.  These plasmids were 
subjected to restriction digestion for the confirmation of orientation of insertion and later 
by sequence analysis.   

1) EcoRI 

2) Klenow 

3) Phosphatase 

a. 

b. c. 
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Figure 8 (continued). Schematic Representation of the pBS Plasmid Series of 
Constructs. 

The (a) pBS plasmid (Sutton) series of (b) pBS/PKR, (c) pBS/HIS-PKR, (d) pBS/2-
5OAS (Reichenbach) and (e) pBS/HIS-2-5OAS were generated by initially digesting the 
parental pBS plasmid with restriction endonuclease EcoRI.  Restriction digestion was 
followed by blunting using klenow enzyme at which point the digested and blunted pBS 
was dephosphorylated using the Anartic phosphate enzyme.  PCR products for PKR, 
HIS-PKR, 2-5OAS and HIS-2-5OAS were individually sub-cloned downstream of the 
CMV promoter by double blunt end ligation using T4 DNA ligase.  These plasmids were 
subjected to restriction digestion for the confirmation of orientation of insertion and later 
by sequence analysis.   
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2.5 SIN-LV Optimization 

Plasmid pHIV is 15.2kb in size.  The proviral component of pHIV, from 5’LTR to 3’LTR 

exceed 10kb, the optimal size of lentiviral packaging (Kumar, et al., 2001). Brifely, the 

SIN-LV pHIV was reduced by 3.7kb by significant removal the gag/pol genes by an 

SpHI and partial EcoRI digestion.  Digested product was loaded on 0.5% agarose gel for 

complete resolution of discrete bands.  The 11.5kb DNA was then eluted, blunted using 

DNA polymerase I Large (Klenow) fragment and ligated with T4 DNA ligase in a 20µg 

reaction at 16ºC overnight (16hr) (Figure 9).  Approximately 4µl of ligation reaction was 

used to transform Top10 E.coli  and individual colonies were selected and processed for 

plasmid preparation by Rapid, small scale plasmid isolation by boiling.  Size of plasmid 

was later confirmed by an NotI/XhoI double digestion.  Figure10 is a linear representation 

of the SIN-LV pHIV series.   
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Figure 9.  Schematic Representation of the Self Inactivating Lentiviral Vector pHIV 
and Optimization of pHIV.  

Parental (a) pHIV SIN-LV was digested with restriction endonucleases SpHI and EcoRI.  
The digested product was blunted and ligated.  Top 10 E.coli was transformed with 4µl of 
ligation mixture and colonies were screened for optimized (b) pHIV.  This optimized 
pHIV was later used to sub-clone PKR, HIS-6 tagged PKR, 2-5OAS and HIS-6 tagged

1) SphI 

2) Partial EcoRI 

3) Klenow 

3) T4 DNA ligase 

b. 

a. 
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Figure  10.   Schematic Representation of the pHIV  Plasmid Series of Constructs. 

To generate SIN-LV plasmids from (a) pHIV with (b) PKR, (c) HIS/PKR, (d) 2-5OAS 
and (e) HIS/2-5OAS the optimized pHIV plasmid was utilized.  Briefly, intermediate 
pBS plasmids were used to obtain PKR, HIS/PKR, 2-5OAS and HIS/2-5OAS.  The DNA 
cassettes were generated by NotI/XhoI endonuclease digestion to remove genes of interest 
(GOI).  pHIV was digested with NotI/XhoI to generate sticky ends.  The DNA cassettes 
consisting of –CMV-“GOI”-IRES-eGFP were subsequently subcloned in pHIV by 
directional sticky end ligation.   

 

 

1) NotI/XhoI   

2) T4 DNA Ligase  

a. 

b. c. 
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      d.                                                                     e. 
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Figure  10 (continued). Schematic Representation of the pHIV  Plasmid Series of 
Constructs. 

To generate SIN-LV plasmids from (a) pHIV with (b) PKR, (c) HIS/PKR, (d) 2-5OAS 
and (e) HIS/2-5OAS the optimized pHIV plasmid was utilized.  Briefly, intermediate 
pBS plasmids were used to obtain PKR, HIS/PKR, 2-5OAS and HIS/2-5OAS.  The DNA 
cassettes were generated by NotI/XhoI endonuclease digestion to remove genes of interest 
(GOI).  pHIV was digested with NotI/XhoI to generate sticky ends.  The DNA cassettes 
consisting of –CMV-“GOI”-IRES-eGFP were subsequently subcloned in pHIV by 
directional sticky end ligation.   
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Figure 11.  Schematic Representation of the Self Inactivating Lentiviral Vector 
Constructs.   
 
The parental construct or empty control vector pHIV-CMV-IRES-eGFP (pHIV) was 
based on the NL4-3 HIV-1 strain.   The transfer vectors: pHIV-CMV-PKR-IRES-eGFP 
(pHIV/PKR) and pHIV-CMV-2’-5’OAS-IRES-eGFP (pHIV/2’,5’OAS) in which both 
PKR and  2’,5’OAS genes have been separately sub-cloned in the forward orientation 
into the parental pHIV-CMV-IRES-eGFP downstream of the CMV promoter.   
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2.6 Generation of Self-inactivating (SIN) Lenti- pseudo-virus by Transfection  

The HIV packaging plasmid (pCMVDR8.91 and VSV-G plasmid (pMD.G) have 

been described previously (Naldini, et al., 1996; Zufferey, et al., 1998).  The HIV 

packaging plasmid pCMV.DR8.91 encodes gag, pol, tat and rev genes.  The pMD.G 

plasmid encodes the vesicular stomatitis virus glycoprotein (VSV-G).  The parental SIN 

LV plasmid pHIV (Dai et al., 2004), and subsequent SIN-LVs, pHIV/PKR and pHIV/2’-

5’OAS, encodes the enhanced green fluorescent protein (eGFP) under the control of the 

cytomegalovirus (CMV) early promoter and contains the internal ribosomal entry site 

(IRES).   Vector production was performed as described previously (Toscano et al., 

2005).  Briefly, 293FT cells (6.0 x106 ) were plated 24 hr before co-transfection; the day 

prior to actual transfection.   The day of transfection, the SIN LV vectors, packaging and 

envelop plasmids (total DNA 27µg; plasmid ratio of 3:2:1, respectively) were 

resuspended in 1.5ml of Opti-MEM (GIBCO) and mixed with 60µl of Lipofectamine 

2000 (Invitrogen, Carlsbad, CA)  diluted in 1.5ml of Opt-MEM.  The mixture was 

allotted 20 minutes incubation at room temperature.  The DNA/Lipofectamine 2000 

solution was need added dropwise to 10cm plates of 293FT cells.  Cells were then 

incubated for 6-8 hr in a 10% CO2 incubator held at 37ºC.  The transfected 293FT cells 

were then washed with pre-warmed media and cultured for an additional 48 hr.  Viral 

supernatants were collected, centrifuged at 400xg for 15 min at 4ºC, and filtered through 

a 0.45µm filter (Nalgene, Rochester, NY) and placed on ice.  Vector supernatants were 

then centrifuged at 20,000 x g for 3 hr at 12 ºC.  The pellet was then resuspended in 

500µl DMEM (Cellgro) and aliquoted in 20µl samples and immediately frozen at -80 ºC.  

A 20µl sample was set aside for titration for all supernatants generated.   
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2.7 Cell Transduction and Vector Titration 

To determine the titration of all SIN-LV supernatants generated by Lipofectamine 

transfection, 293FT cells were washed in phosphate-buffered saline (PBS) and seeded 

onto 48-well plates at a concentration of 1 x 105 cells per well in 400µl of the appropriate 

medium.  Vector supernatants were added to the culture at 1µl, 10µl and 100µl volumes 

and incubated overnight.  For detection and expression of eGFP, cells were analyzed 96 

hr post-transduction in a BD FACScan flow cytometer (BD Bioscience).  Viral titers 

(transduction units [TU] per milliliter) were calculated on the transduction efficiency of 

293FT cells as is indicated by FACS analysis.  Transduction efficiencies were also 

determined by Real-time polymerase.   

2.8 DNA Preparation and Vector Copy Number Determination by Quantitative 

Real-Time PCR 

Genomic DNA from transduced and cultured SupT1 cells and CD4+ T cells were 

isolated by Qiagen’s DNeasy Blood and Tissue Kit (Qiagen, Valencia, Ca).   Quantitative 

real-time PCRs were performed.  Samples were mixed with Maxim Probe/Rox qPCR 

Master Mix (2X) (Fermentas, Glen Burnie, MD) containing Hot Start Taq DNA 

polymerase and dNTPs in an optimized PCR buffer.  It is supplemented with ROX 

passive internal reference dye.  Specific primers were added at 300nM TaqMan probe 

was added at a concentration of 200nM.  Vector copy number determinations were 

accomplished with primers and probe designed for eGFP (forward, 

5’GCCCGACAACCACTACCT-3’; reverse, 5’CGTCCATGCCGAGAGTGA-3’) and 

TaqMan probe (5’-FAM-CGGCGGCGGTCACGAACTCCA-TAMRA-3’) (IDT DNA 
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Technologies, San Diego, CA).  The parameters for the real-time PCR reaction were as 

follows:  1 x( 95ºC for 10 min), 45 x (95ºC for 15 sec, 60ºC  for 30 sec and 72ºC  for 30 

sec) 1 x (72ºC  2 min).  Genomic DNA of 293FT cells were supplemented 10-fold 

increasing amounts of parental pHIV, pHIV/PKR and pHIV/2’-5’OAS plasmid  DNA 

(102 to 1 x 106 copies to determine the standard curve in each experiment.   

2.9 SIN-LV Mediated Transduction of SupT1 Cells and CD4+ T Lymphocytes  

The total number of live cells (SupT1 cell and CD4+ T cells) was determined by 

trypan blue exclusion.  SupT1 cells, grown in RPMI1640 media supplemented with 10% 

heat-inactivated fetal bovine serum 100U/ml penicillin/streptomycin and 5% L-

Glutamine,  were plated at 1.0 x 105 cell in 400µl in 48 well plates and transduced once 

with SIN-LV supernatants at a multiplicity of infection (m.o.i)of 5.  Pseudo-typed SIN-

LV were allowed to adsorb for 24 hr prior to washing and re-plating of SupT1 cells at 1.0 

x 105 cell in 400µl in 48 well plates.  CD4+ T lymphocytes were grown in RPMI1640 

media and supplemented with 10% heat-inactivated fetal bovine serum 100U/ml 

penicillin/streptomycin and 5% L-Glutamine and IL-2.  As with the SupT1 cells, CD4+ T 

lymphocytes were plated at 1.0 x 105 cell in 400µl in 48 well plates and transduced three 

times with SIN-LV supernatants at a multiplicity of infection (m.o.i)of 10 for a total 

m.o.i= 30.  Cells were allowed to expand in culture for 96 hr.  Ninety-six hr post-

transduction, transduced clones were harvested for transduction efficiency by 

Fluorescence Activated Cell Sorter (FACS) analysis, with eGFP as indicator, and 

subsequent HIV-1 challenge.     
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2.10 Polymerase Chain Reaction (PCR) Analysis of Transgene detection 

PCR analyses were performed on genomic DNA isolated from individual wells of 

transduced SupT1 cells and CD4+ T cells.  Genomic DNA isolation was described above.  

Forward (sense) and reverse (antisense) primers were designed specifically to detect 

transgenes PKR and 2-5OAS without amplification of endogenous gene segments.  For 

each exogenous transgene PKR and 2-5’OAS, sense primers were designed within each 

5’ coding region; antisense primers were designed downstream of the 3’ terminal region 

within the vector backbone.  Briefly, 25ng of genomic DNA was mixed with Pfx50 DNA 

polymerase (Invitrogen, CA) containing 10x Pfx50 PCR mix, 0.3mM final concentration 

of dNTPs, and each primer at a final concentration of 0.03µM. The sense and antisense 

oligonucleotide primers are as follows:  for PKR the sense forward primer is 5’-

ACTCACTATAGGTTAGGGGCTGCA-3’ and the reverse primer is 5’-

TCCCCCGGGCTCTAACATGTG-3’ and the parameters for the PCR reaction are as 

follows: 1 x (94.0ºC for 5 min), 35 x (95º C for 30 sec, 60º C for 30 sec 68 ºC 2  min), 1 x 

(68º C for 7 min). And for 2-5OAS the forward primer is 5’-

CTGGCAGGAATAAGACCCGGGCAT-3’ and the reverse primer is 5-

ATAAGACCCCGGGCTATATGT-3’, and the parameter for the PCR reaction are as 

follows: 1 x (94.0ºC for 5 min), 35 x (95º C for 30 sec, 60º C for 30 sec 68 ºC 1.15  min), 

1 x (68º C for 7 min).   After PCR reaction, all samples were analyzed by 0.9% agarose 

gel electrophoresis.   
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 2. 11 Colorimetric MTT Assay 

Assay for cellular proliferation and cytotoxicity was performed on samples of all 

non-transduced and transduced SupT1 cells and CD4+ T lymphocytes.  Briefly, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (Sigma) was dissolved in 

PBS at 5mg/ml and filter sterilized to remove insoluble residues and stored at 4º C for 

later use.  Briefly, SIN-lentiviral (SIN-LV) transduced cells were infected with HIV-1 

MN strain (SupT1, m.o.i =0.01 and T cell m.o.i =1.0).  The cells were harvested for 

survival determination at 0, 12, 24 and 48 hr post-transduction. 1.0 x105  cells were 

harvested  and washed in pre-warm RPMI-1640 and resuspended  in 100µl of a working 

solution of MTT(1:10 dilution of the stock concentration was prepared in PBS) in 96 well 

plates.  The plates were incubated at 37º C for 4 hr.  After the 4 hr incubation period, 100 

µl of acid-isopropanol (0.04 N HCl in isopropanol) was added to all wells and mixed 

thoroughly to dissolve the dark blue crystals.  After a few min. at room temperature, 

absorbance at 590 was determined.  

2.12 Quantitative Western Analysis of PKR, 2-5OAS and eIF2-α-P 

Western blotting of PKR, 2-5OAS and eIF2-α-P were performed as previously 

described in (Adelson et al., 1999; Dimitrova , Yang,  et al., 2005).  Briefly, cells (SupT1 

or CD4+ T lymphocytes were lysed in Tris/NaCl/EDTA (TNE) buffer containing 1% 

NP40 or Wreschner buffer (Wreschner et al., 1981) and 10µM of aprotonin and leupeptin 

protease inhibitors.  PKR,  2-5OAS and eIF2-α-P were separately detected in both SupT1 

and CD4+ T lymphocyte immunoblotting of whole cell lysates (50µg of total protein per 

lane).  Lysates were separated using 10% pre-cast SDS-PAGE gels (Thermo Scientific, 

Rockford, IL) and transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA), and 
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the membranes were probed with primary anti-PKR, anti-2-5OAS and anti- eIF2-α-P 

(Santa Cruz, CA) followed by fluorescently-labled secondary antibodies and then 

visualized with fluorescence detection using Licor Odyssey infrared imaging detection 

system and analyzed using Odyssey Application Software Version 3.   

  2.13 HIV-1 Challenge of Non-Tranduced and Tranduced Clones  

SupT1 cells and CD4+ T lymphocytes and transduced cell were washed with PBS 

and transferred to a T 252 cell culture flask at a concentration of 1.0 x 106 cell/ml in a 

total volume of 10.0ml.  Cells were expanded in culture in for no more than three days. 

before transduction.  96 hr post-transduction, the transduced cells were washed 

extensively and centrifugation at 1000g for 15 min at 4°C, five times, 5 ml PBS each 

time to remove unincorporated pseudotyped SIN-LV virus. The washed cells were then 

infected with HIV-1 at an moi of 0.1 for SupT1 cells and an m.o.i of 1 for CD4+ T 

lymphocytes.  After 24 hr incubation at 37°C in a CO2 incubator, cells were 

extensively washed with PBS (as described) to remove unincorporatedHIV-1. The 

washed cells were then seeded incubated at 37°C in a CO2 incubator. Cell 

pellets were prepared by centrifugation (1000 x g for 15 min at4°C), and supernatants 

were collected at the times indicated (3, 6, and 9 days) and stored at -70°C for the p24 

ELISA assay. 
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2.14  Ribosomal RNA Cleavage Assay or RNase L Assay 

The ribosomal RNA cleavage assays were performed according to the procedure 

described by Wreschner, James, Silverman, Kerr, 1981.  Briefly, extracts of RNase L–

deficient cell (HL929 cells) (volume equivalent to 140µg of protein) were mixed in the 

presence of control wild type L929 cell extracts or experimental non-transduced cells, 

pHIV transduced cells and 2-5OAS transduced cells (SupT1 cells or CD4+ T 

lymphocytes) (volume equivalent to 75 µg of protein).  The extracts were incubated 

within the presence of  or the absence of pA4 (activator of RNase L)  for 1 hr at 30ºC.  

The total RNA was extracted through the phenol/chloroform method (1:1 v/v) and 

precipitated by sodium acetate and three volume of 100% ethanol held at -20ºC.  After 

precipitation, the RNA pellets were washed in 70% ethanol, dried in a SpeedVac 

Concentrator and dissolved in DEPC treated water and denatured by incubation of 50 ºC 

for 1 hr in a buffer containing 0.83M glyoxal, 44% DMSO , 0.54 M urea and and 10mM 

sodium phosphate (pH 7.0).  After dissolution, the RNA fragments were analyzed for 

RNase L activity by gel electrophoresis on 1.8% agarose gels in a running buffer of 

10mM sodium phosphate (pH 7.0) for 4 hr.  The gels were stained with ethidium bromide 

and RNA bands were visualized under ultraviolet light.    The RNA bands were  analyzed 

using BioRAD Geldox XR Quantity One program.   
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 2.15  HIV-1 Induced Syncytia Analysis 

           Syncytia Formation 

The infected-centers assay was utilized to measure syncytia formation.  Briefly, 

transduced cells were incubated with an moi of 0.1 for SupT1 cells and an moi of 1.0 for 

CD4+ cells and incubated at 37ºC for 2 hr in a 5% CO2 incubator.  The infected cells were 

washed twice with PBS and centrifuged at 500 x g for 5 min at 4 ºC.  The infected SupT1 

cells and CD4+  cells were then serially diluted and mixed with 2 x 105 SupT1 indicator 

cells.  Syncytia were scored in triplicate using an inverted scope 96 hr post infection and 

mixing with the indicator SupT1 cells.   

2.16 Quantification of HIV-1 Replication in Cell Lines Transduced with SIN-LV 

Vectors 

Aliquots of infected cell culture supernatants were collected at 3, 6 and 9 days post-

infection and stored at -70ºC.  Experiments were performed in triplicates to 

quadruplicates and the data presented are the mean plus and minus the standard error of 

the mean.  Viral concentrations were determined by p24 antigen capture enzyme-linked 

immunosorbent assay (ELISA) kit (SAIC-Frederick, Frederick, MD).  ELISA assays 

were performed according to the protocol given.  Briefly, viral particles within infected 

cultures were lysed with 0.1% Triton X-100 solution for 1 hr at 37ºC.  Lysates were then 

placed in wells pre-coated with a monoclonal anti-p24 antibody and incubated for 2 hr at 

37ºC.  Wells were then washed and incubated at 37ºC with anti-p24 polyclonal antibody 

solution (100µl/well) for 1 hr.  After washing, a horseradish peroxidase (HRP)-labeled 

anti-rabbit secondary antibody solution was added to each well, and the plates were 
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incubated for 1 hr at 37ºC.  After incubation, the wells were washed; chromogenic 

substrate TMB (KPL, Gaitthersburg, MD) was added, plates were incubated for no more 

than 30 min at room temperature and absorbance was taken at 450nm.   

 2.17 Apoptosis Assay 

Apoptosis of transduced and HIV-1 challenge SupT1 cells and CD4+ T cells was 

examined using an active caspase-3 PE apoptosis kit (BD Bioscience) according to the 

manufacture’s instructions.  Briefly, SIN-lentiviral transduced cells were infected with 

HIV-1 MN strain (SupT1, an m.o.i =0.01 and T cell, an m.o.i =1.0).  The cells were 

harvested for caspace-3 determination at 0, 12, 24 and 48 hr post-infection.  Positive 

control cells, consisting of 1.0 x106/ml, were exposed to various concentration of 

camptothecin (SupT1 cell, 8µM, and T cells, 4-6 µM).  The cells were  incubated for 4 hr 

at 37 ºC.  The positive control cells and HIV-1 challenged cells were then harvested and 

washed twice with cold PBS and resuspended in Cytofix/Cytoperm Fixation and 

Permeabilization solution at 1.0 x106/0.5ml and incubated on ice for 20 min.  The cells 

were then centrifuged at 500 x g for 5 min and washed twice with Perm/Wash buffer (BD 

Bioscience)  at 1X.  Thereafter, the antiactive caspase-3 mAb was added to each sample 

and incubated at room temperature without light for 30 min.  Cells were then centrifuged  

at 500 x g for 5 min and washed once with Perm/Wash buffer to remove any excess of 

antibody and then resuspended in 0.5ml Perm/Wash buffer and analyzed by flow 

cytometry.   
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 2.18 Statistical Analysis 

Data expressed as the mean± standard deviation.  The difference in HIV-1 

replication of non-transduced cells with pHIV/PKR and pHIV/2-5OAS was evaluated 

using SPSS 1.  Groups were determined to be different statistically when the P value was 

<0.05.   
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CHAPTER 3   

  RESULTS 

 
3.1 Construction of the pBS-CMV-IRES-eGFP (pBS) Plasmid Series:  The 

Subcloning of PKR, HIS/PKR, 2-5OAS and HIS/2-5OAS 
 

The empty vector pBS was supplied by Dr. Richard Sutton, Baylor University.  

Plasmids pBS/PKR, pBS/HIS-PKR, pBS/2-5OAS and pBS/HIS-2-5OAS were 

constructed using PCR fragments of cDNAs for PKR, HIS-PKR, 2-5OAS (Reichenbach) 

and HIS-2-5OAS as is described in Materials and Methods.  These cDNAs were sub-

cloned by double blunt-end ligation and restriction digestion was completed to confirm 

forward orientation (Figure 8; Figure 12).   For both intermediate plasmids pBS/PKR and 

pBS/HIS-PKR, restriction endonucleases XhoI and EcoRI were utilized for the 

confirmation of cDNA insertion and orientation.  Both PKR and HIS-PKR have 2 EcoRI 

sites embedded within their sequences at 830bp apart, XhoI/EcoRI double digestion was 

sufficient for the confirmation of cDNA insertion and of correct orientation 

determination.  As expected, the XhoI/EcoRI digestion of plasmid pBS/PKR and 

pBS/HIS-PKR rendered restriction fragments of the calculated sizes (4.5kb, 1.7kb and 

830bp) (Figure 12).  As for plasmids pBS/2-5OAS and pBS/HIS-2-5OAS (lanes 2 and 3), 

restriction enzymes SpHI and XhoI were utilized for the determination of cDNA insertion 

and orientation determination.  The cDNA of 2-5OAS possess an SpHI restriction site at 

its 5’ end at position 147 within its gene.  Therefore, XhoI/SpHI double restriction 

digestions were utilized for the confirmation of these two plasmids.   As anticipated by 

the calculations for insertion and proper orientation of plasmids pBS/2-5OAS and 

pBS/HIS-2-5OAS (lanes 4 and 5) restriction fragments of 4.2kb and 2.3kb were rendered 
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on digestion.        The construction of these plasmids was further verified by sequence 

analysis at Children’s Hospital of Pennsylvania (CHOP).  These plasmid constructs 

served as the intermediates for the construction of the self-inactivating lentiviral vector 

(SIN-LV) pHIV series containing the anti-HIV-1 transgenes.   

                                                                                           

 

 
 
Figure  12.    Restriction Digestion for the Confirmation of Plasmid pBS Series. 
 
Restriction digestions of the intermediate pBS plasmid series (pBS,  pPBS/PKR, 
pBS/HIS-PKR pBS/2-5OAS and pBS/HIS-2-5OAS) with various restriction 
endonucleases and gel electrophoresis through a 0.9% agarose gel in TAE buffer.  The 
gel was visualized with UV light and a digital image was rendered using BD BioRAD 
Geldox XR Quantity One program.   
 
 
 
 

______________________________________ 
Lane         Samples              Fragment Sizes 

______________________________________ 
         M            DNA Marker         12kb, 8kb, 6kb 

                     5kb, 4kb, 3kb, 
                          2.5kb, 2kb, 1.5kb, 

                             1kb, 800bp, 600bp, 
                     400bp, 200bp 

                     
         1             pBS             NotI/ XhoI digestion 

                                            2.8kb and 2.436kb  
 

        2            pBS/PKR            XhoI/EcoRI digestion 
                               4.5kb, 1.7kb and 830bp 

 
        3            pBS/HIS-PKR       XhoI/EcoRI digestion 

                                4.5kb, 1.7kb and 830bp 
 

        4            pBS/2-5OAS         XhoI/SpHI digestion 
                                    4.2kb and 2.3kb 

 
       5            pBS/HIS-2-5OAS  XhoI/SpHI digestion 

                                    4.2kb and 2.3kb 
_________________________________________ 

                                             

M  1 2 3 4 5 
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3.2 Construction of the pHIV-CMV-IRES-eGFP Plasmid Series:  The Subcloning 
of PKR, HIS/PKR, 2-5OAS and HIS/2-5OAS 

 
The empty vector pHIV was supplied by Dr. Richard Sutton, Baylor University.  

Plasmids pHIV/PKR, pHIV/HIS-PKR, pHIV/2-5OAS and pHIV/HIS-2-5OAS were 

constructed using NotI/XhoI digested DNA fragments from the pBS plasmid series 

rendering fragments –CMV-PKR-IRES-eGFP-, -CMV-HIS/PKR-IRES-eGFP-,  

-CMV-2-5OAS-IRES-eGFP-, and CMV-HIS-2-5OAS-IRES-eGFP as is described in 

Materials and Methods.  These DNA fragments were sub-cloned by compatible sticky 

end ligation and restriction digestion was completed to confirm DNA insertion (Figure 8; 

Figure 13).  All plasmids were digested using NotI/XhoI digestions for confirmation of 

insertion of proper DNA fragments.  The construction of these plasmids was further 

verified by sequence analysis at Children’s Hospital of Pennsylvania (CHOP).  These 

plasmids constructs served as the self-inactivating lentiviral vector (SIN-LV) for the 

delivery of the anti-HIV-1 transgenes to the targeted cells by lipofectamine transfection 

(section 3.3) for the generation of pseudotype HIV-1 based virus.    
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Figure 13.   Restriction Digestion for the Confirmation of the SIN-LVs.   
 
Restriction digestions of the SIN-LVs (pHIV, pHIV2, pHIV/PKR, pHIV/HIS-PKR 
pHIV/2-5OAS and pHIV/HIS-2-5OAS) with various restriction endonucleases and gel 
electrophoresis through a 0.5% agarose gel in TAE buffer .  The gel was visualized with 
UV light and a digital image was rendered using BD BioRAD Geldox XR Quantity One 
program.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

______________________________________ 
Lane         Samples              Fragment Sizes 

______________________________________ 
M            DNA Marker      12kb, 8kb, 6kb 
                              5kb, 4kb, 3kb, 

                                                   2.5kb, 2kb, 1.5kb, 
                                     1kb, 800bp, 600bp, 

                          400bp, 200bp 
 

          1             pHIV                   NotI/ XhoI digestion 
                                                      12.7kb and 2.436kb 

 
           2           pHIV2        NotI/XhoI digestion 

                                      10kb, and 2.436kb 
 

           3             pHIV/PKR           NotI/XhoI digestion   
                                    10kb, 3kb, 1.1kb 

   
           4             pHIV/HIS-PKR    NotI/XhoI digestion 

                                                    10kb, and 4.1kb 
      

           5              pHIV/2-5OAS      NotI/XhoI digestion 
                                  10kb and 3.6kb 

 
             6             pHIV/HIS-2-5OAS NotI/XhoI digestion 

                                      10kb and 3.6kb 
_________________________________________ 
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3.3 Transfection and Transduction of SIN-LVs on 293FT Cells 

 
The pHIV SIN-LV series (parental pHIV, pHIV/PKR and pHIV/2-5OAS) were 

individually used for transfection by triple lipofectamine based transfection with Trono’s 

helper plasmids as is described in Materials and Methods on 293FT cells to generated 

pseudotype HIV-1 based SIN-LV stocks.  Pseudotype SIN-LV stocks were harvested 48 

hr post transfection and 1.0X 105 293FT cells were transduced in separate wells in 48 

well plates by limiting dilution to determine viral titers.  96 hours post-transduction, the 

transduced cells were harvested, fixed and FACS analysis was performed to determine 

titers of each SIN-LV stock as is indicated in (Table 2.)  These SIN-LV viral supernatants 

were later used to transduce SupT1 cells and CD4+ T lymphocytes.   

Table 2.  Pseudotype HIV-1 based SIN-LV Titers on 293FT cells 

SIN-LV Titer in TU/ml 

Empty vector Control, pHIV 1.0 x 107 

pHIV/PKR 1.0x109 

pHIV/2-5OAS 9.0x108 
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3.4 Transduction of Efficiency of SupT1 Cells and CD4+ T Lymphocytes 
 

3.4 A. SupT1 cells were transduced once  at a concentration of 1.0X 105  cells in 

300µl in appropriate media individually with each pseudotyped SIN-LV stock at an m.o.i 

of 5.  Ninety-six hr post-transduction of SupT1 cells, SupT1 cells were harvested for 

FACS analysis to determine transduction efficiencies (Figure 14).  Demonstrated here is 

the high efficiency of transduction of SupT1 cells using HIV-1 based SIN-LV 

supernatants.  An m.o.i of 5 generated transduction efficiencies exceeding 95% for all 

transductions in SupT1 cells.    
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Figure 14.   Transduction Efficiency of SupT1 Cells Transduced with Parental 
pHIV Lentiviral Vector, pHIV/PKR Lentiviral Vector and pHI V/2-5OAS Lentiviral 
Vector.   
 
SupT1 cells were transduced with eGFP-encoding SIN-LVs and analyzed by FACS (as 
described in Materials and Methods).  A histogram of the mean channel linear  
fluorescence intensity of eGFP-positive cells are shown in comparison with a non- 
transduced sub-set of SupT1 cells.   
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pHIV/PKR 
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3.4 B.  CD4+ T lymphocytes were transduced at an m.o.i of 10 three times in three 

consecutive days and 96 hours post-transduction CD4+ T lymphocytes were harvested 

and subjected to FACS analysis for the determination of transduction efficiencies.  

Demonstrated here is the high efficiency of transduction of efficiency of primary CD4+ T 

lymphocytes using HIV-1 based SIN-LV supernatants (Figure 15).  An m.o.i of 10 x 3 

was used to generate transduction efficiencies for all transductants exceeded 65%.    
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Figure 15.   Transduction Efficiency of CD4+ T Lymphocytes Transduced with 
Parental pHIV Lentiviral Lector, pHIV/PKR Lentiviral Vector  and pHIV/2’,5’OAS 
Lentiviral Vector.    
 
CD4+ T lymphocytes were transduced with eGFP-encoding SIN-LVs and analyzed by 
FACS (as described in Materials and Methods).  A histogram of the mean channel linear 
fluorescence intensity of eGFP-positive cells  are shown in comparison with a negatively 
transduce subset of CD4+ T lymphocytes 
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3.5 PCR Analysis of Transduced SupT1 Cells and CD4+ T Lymphocytes. 
 

3.5 A.   PCR Detection of Transduced SupT1 Cells and CD4+ T Lymphocytes 
Expressing PKR 

 
Genomic DNA was isolated from control SupT1 cells and PKR transduced SupT1 

(lanes 2, 3, 4) as well as control CD4+ T lymphocytes and PKR transduced CD4+ T 

lymphocytes (lanes 5, 6, 7) and PCR amplification for genomic DNA was used for the 

detection of exogenous gene insertion.  Primers utilized for the PCR detection of 

exogenous PKR were specifically designed within the SIN-LV system.  Therefore, PCR 

detection of PKR would be specific for the PKR transgene and not the naturally occurring 

PKR gene.  PKR transduced SupT1 cells (lane 4) and PKR transduced CD4+ T 

lymphocytes (lane 7) revealed PCR products of 1.7kb of exogenous PKR transgene, 

whereas SupT1 cells, pHIV transduce SupT1 cells (lanes 2, 3), CD4+ T lymphocytes  and 

pHIV transduced CD4+ T lymphocytes  (lanes 5, 6) failed to show positive signal for the 

PKR transgene (Figure 16).   This datum indicates that the SIN-LV bearing exogenous 

PKR has successful transduced and inserted its transgene within the genome of targeted 

SupT1 cells and CD4+ T lymphocytes.   
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Figure 16.  PCR Amplification for the Detection of the PKR Transgene. 
 
PCR amplification of genomic DNA isolated from SupT1 cells and CD4+ T lymphocytes 
that are non-transduced (lanes 2,5) and transduced with the self inactivating lentiviral 
vector constructs pHIV (lanes 3,6) and pHIV/PKR (lanes 4, 7). 

 
3.5 B.  PCR Detection of Tranduced SupT1 Cells and CD4+ T Lymphocytes 

Expressing 2-5OAS. 
 

Genomic DNA was isolated from control SupT1 cells and 2-5OAS transduced 

SupT1 (lanes 2, 3, 4) as well as control CD4+ T lymphocytes and 2-5OAS transduced 

CD4+ T lymphocytes (lanes 5, 6, 7) and PCR amplification for genomic DNA was used 

for the detection and determination of exogenous gene insertion.  As with PKR, primers 

utilized for the PCR detection of exogenous 2-5OAS were specifically designed within 

the SIN-LV system as mentioned in Materials and Methods.  Therefore, PCR detection of 

2-5OAS would be specific for the external source of 2-5OAS and not the naturally 

occurring 2-5OAS.  2-5OAS transduced SupT1 cells (lane 4) and 2-5OAS transduced 

CD4+ T lymphocytes (lane 7) exhibited positive signals for the detection of exogenous 2-

5OAS, whereas SupT1 cells, pHIV transduce SupT1 cells (lanes 2, 3), CD4+ T 

lymphocytes  and pHIV transduced CD4+ T lymphocytes  (lanes 5, 6) failed to show 
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positive signal for the 2-5OAS transgene (Figure 17).   This indicates the successful 

transduction and transgene insertion of exogenous 2-5OAS into the targeted cells’ 

genome. 

 
 

 
     

 
Figure 17. PCR Amplification for the Detection of 2-5OAS Transgene. 
 
PCR  amplification of genomic DNA isolated from SupT1 cells and CD4+ T lymphocytes 
that are non-transduced (lanes 2,5) and transduced with the self inactivating lentiviral 
vector constructs pHIV (lanes 3,6) and pHIV/2-5OAS (lanes 4, 7). 
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3.6 RT-PCR analysis for SIN-LV Integration into Host Genomic DNA of 

Transduced SupT1 cells and CD4+ T lymphocytes 
 
Proviral vector copy number was determined by RT-PCR of transduced SupT1 cells and 

CD4+ T lymphocytes transduced with parental SIN-LVs pHIV, pHIV/PKR and pHIV/2-

5OAS supernatants 96 hr post transduction.   

 
Table 3.  Vector Copy Number Analysis of SupT1 Cells. 
 
Cells Vector Copy Number 
SupT1 Cells 0 
SupT1/pHIV 1.31 copies/cell 
SupT1/pHIV/PKR 1.12 copies/cell 
SupT1/pHIV/2-5OAS 1.08 copies/cell 
 
Table 4.  Vector Copy Number Analysis of CD4+ T Lymphocytes 
 
Cells Vector Copy Number 
CD4+ 0 
CD4+/pHIV 0.88copies/cell 
CD4+/pHIV/PKR 0.82copies/cell 
CD4+/pHIV/PKR 0.85copies/cell 
 
 
Overall the vector copy number determination:  Here the vector copy number for 
transduced SupT1 cells is > 1 with an average of  1.17 copies/cell for all transduced 
SupT1 cells and an average of  0.85 copies/cell for CD4+ T lymphocytes.  These copy 
numbers are within expectation as SupT1 cells show a transduction efficiency of > than 
95% and T lymphocytes showing a transduction efficiency of > 65% on average for all 
transduced T lymphocytes (Table 3, Table 4).   
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3.7   Western Analysis of PKR, eIF2α-P and 2-5OAS in SupT1 Cells.   
                                                                

Expression of the antiviral PKR transgene product was analyzed in SupT1 cells 

that were transduced.  PKR protein expression was evaluated in cell free extracts by 

Western blot analysis at 0, 24, 48, 72, 96 hr post-infection with a specific PKR 

monoclonal antibody. A 2.4-fold increase in the level of PKR protein expression was 

observed at time 0 in the pHIV/PKR-transduced SupT1 cells when compared with the 

non-transduced controls (Figure 18).  A similar pattern of PKR expression was observed 

at time 0 in our previous studies with HIV-1 LTR-driven retroviral constructs (Adelson, 

et al., 1999; Dimitrova, Yang, et al., 2005).  The half-life of PKR has been demonstrated 

to be 6 to 7 hr in uninfected cells whereas the half-life is shortened in infected cells to 2 

to 3 hr (Hovanessian, et al., 1987).     Although there is a decay in the expression of PKR 

in both non-transduced SupT1 cells and pHIV/PKR transduced SupT1 cells 48 hr post 

HIV-1 challenge, PKR expression remained above levels as observed in the pHIV/PKR 

transduced SupT1 cells when compared to the PKR levels in the non-transduced controls. 

We observe a 4.3 fold maximum increase in PKR expression in pHIV/PKR transduced 

cells relative to the non-transduced controls.   The GAPDH protein was used as an 

internal control.  The data here demonstrate that the PKR antiviral pathway is up-

regulated in pHIV/PKR through the exogenous PKR cDNA.   
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Figure 18.  Western blot Analysis of PKR Protein Expression in Transduced SupT1 
Cells.   
 
SupT1 cells were transduced with SIN-LV supernatant containing PKR (pHIV/PKR) at 
an m.o.i=5.  Ninety-six hr post transduction, SupT1 cells and PKR transduced SupT1 
cells were washed and infected with HIV-1 (MN strain) at an m.o.i=0.1.  Protein levels of 
PKR were monitored by Western blotting after HIV-1 infection at the times indicated.  
Cytoplasmic protein extracts were analyzed by Western blotting using antibodies specific 
to PKR and GAPDH.  A representative gel is shown.   
  
 
With the over-expression of PKR observed in the pHIV/PKR transduced SupT1 cells the 

activity of the PKR enzyme in cell-free extracts was measured by the phosphorylation of 

eIF2α, which is the major substrate of PKR. dsRNA-dependent. PKR activity halts 

translational in direct response to phosphorylation of eIF2α, a main component involved 

in cellular translation.  A specific antibody capable of only detecting eIF2α in the 

phosphorylated state was used in Western blot analysis. Cell-free extracts of pHIV/PKR -
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transduced SupT1 cells demonstrated 1.6-fold in phosphorylation of eIF2α at 48 h post-

infection, compared with levels in non-transduced SupT1 cells (Figure 19).  

 

           
 
Figure  19.   Western blot Analysis of eIF-2α Phosphorylation  in Transduced SupT1 
Cells.      
 
SupT1 cells were transduced with SIN-LV supernatant containing PKR (pHIV/PKR) at 
an m.o.i=5.  Ninety-six hr post transduction, SupT1 cells and PKR transduced SupT1 
cells were washed and infected with HIV-1 (MN strain) at an m.o.i=0.1.  eIF-2α 
phosphorylation was monitored by Western blotting at the times shown in cytoplasmic 
protein extracts using specific antibodies to eIF-2α-P and GAPDH as is described 
previously (Adelson et al, 1990;  Muto et al., 1999; Dimitrova, Yang et al., 2005).  A 
representative gel is shown.   

 

Expression of the antiviral the 2-5OAS transgene product was analyzed in SupT1 

cells that were transduced at high efficiency.  As with the PKR transduced SupT1 cells,  

2-5OAS protein expression was evaluated in cell free extracts by Western blot analysis at 

0, 24, 48, 72, 96 hr post-infection with a specific 2-5OAS polyclonal antibody. A 3.9 -
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fold increase in the level of 2-5OAS protein expression was observed at time 0 in the 

pHIV/2-5OAS-transduced SupT1 cells when compared with the non-transduced controls 

(Figure 20).     With exception to the 48 hr time point, 2-5OAS expression remained 

above levels observed in the non-transduced SupT1 cells.   The data demonstrate that the 

2-5OAS antiviral pathway is up-regulated in pHIV/2-5OAS through the exogenous 2-

5OAS cDNA.   
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Figure 20.  Western blot Analysis of 2-5OAS in Transduced SupT1 Cells.      
 
SupT1 cells were transduced with SIN-LV supernatant containing 2-5OAS (pHIV/2-
5OAS) at an m.o.i=5.  Ninety-six hr post transduction, SupT1 cells and 2-5OAS 
transduced SupT1 cells were washed and infected with HIV-1 (MN strain) at an 
m.o.i=0.1.   2-5OAS expression was monitored by Western blotting at the times shown in 
cytoplasmic protein extracts using specific antibodies to 2-5OAS and GAPDH as 
described previously (Adelson et al, 1990;  Muto et al., 1999; Dimitrova, Yang et al., 
2005).  A representative gel is shown.  
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3.8   Assessment of RNase L Activity by the Cleavage Ribosomal RNA 
 
 Inhibition of viral replication by the IFN induced 2-5OAS antiviral pathway 

results in the activation of 2-5OAS, production and accumulation of 2-5A with 

subsequent activation of the endonuclease RNase L.  Activation of RNase L degrades 

ssRNA.  This activation of RNase L was monitored pre and post HIV-1 infection in both 

non-transduced SupT1 cells, CD4+ T lymphocytes and 2-5OAS transduced cells up to 96 

hr post HIV-1 challenge.  Activity of RNase L was measured by the hydrolysis of 

ribosomal RNA (rRNA) and with subsequent generation of specific cleavage products 

(SCP) using the ribosomal cleavage assay as is mentioned in Materials and Methods.  As 

represented in Figure 21,  2-5OAS transduced SupT1 cells show significant activity of 

RNase L starting 24 hr post HIV-1 challenge and continues to show activity to 96 hr post-

challenge.  As compared to the non-transduced  and pHIV transduced SupT1 cell 

controls, at 48 hr post infection, 2-5OAS transduced SupT1 cells exhibit ≥ 3.5 fold 

(Figure 21B) increase in ribosomal RNA cleavage.  By 96 hr post-infection,  2-5OAS 

transduced SupT1 cells continue to show rRNA cleavage while the control SupT1 cells 

exhibit a slight reduction in rRNA cleavage.  Demonstrated here (Figure 21C) 2-5OAS 

transduced CD4+ T lymphocytes exhibits significant activity of RNase L activity from 24 

hr post HIV-1 challenge and continue to 96 hr.  Specifically at 48 hr post challenge, 2-

5OAS transduced cells show a ≥ 2.6 fold increase as compared to the non-transduced and 

parental pHIV transduced controls.  Whereas 2-5OAS continues to exhibit RNase L 

activity at 96 hr post HIV-1 challenge, the control CD4+ T lymphocytes RNase L activity 

starts to diminish.    

 



 82

       
    
                          
  

                    
 
 
Figure 21.   Assessment of RNase L Activity by the Cleavage of Ribosomal RNA. 
 
RNase L activity is determined over the course of HIV-1 infection for both control and 
transduced SupT1 cells and transduced CD4+ T lymphocytes.  A:  Lanes 1-3 serve as 
controls indicating the positions and contitions required for the generation of specific 
cleavage products (SCP) from 28S and 18S rRNA.  Kinetically, RNase L activity was 
determined by incubating protein extracts prepared from transduced SupT1 cells and 
CD4+ T lymphocytes assessed as uninfected and at 24hr, 48 hr, 72 hr and 96 hr post HIV-
1 infection (MN strain m.o.i=0.1( SupT1) and m.o.i=1 (CD4+ T cells)) with HL929 cell 
extract.  Electronic image of gels are shown above.  Arrows indicate the position of the 
specific cleavage products (SCP).  
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Figure 21 (continued).   Assessment of RNase L Activity by the Cleavage of 
Ribosomal RNA. 
 
RNase L activity is determined over the course of HIV-1 infection for both control and 
transduced SupT1 cells and transduced CD4+ T lymphocytes.  A:  Lanes 1-3 serve as 
controls indicating the positions and contitions required for the generation of specific 
cleavage products (SCP) from 28S and 18S rRNA.  Kinetically, RNase L activity was 
determined by incubating protein extracts prepared from transduced SupT1 cells and 
CD4+ T lymphocytes assessed as uninfected and at 24hr, 48 hr, 72 hr and 96 hr post HIV-
1 infection (MN strain m.o.i=0.1( SupT1) and m.o.i=1 (CD4+ T cells)) with HL929 cell 
extract.  Electronic image of gels are shown above.  Arrows indicate the position of the 
specific cleavage products (SCP).   
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3.9. Effect of Transduction on Cell Viability and Induction of Apoptosis  
  

       3.9 A)  Effects of Transduction on  Cell Viability 
 
This laboratory have previously reported inhibition of HIV-1 replication in cells 

transduced with HIV-1 LTR-driven PKR transgene with no change in cell number and 

viability (Adelson et al., 1999; Muto et al., 1999; Dimitrova, Yang et al., 2005).  

Therefore, this current study monitored cell viability of transduced SupT1 cells and 

transduced CD4+ T lymphocytes by the MTT assay as is described in Materials and 

Methods.  There is no evidence that the over expression of PKR or 2-5OAS transduced 

cell (SupT1 cells or  CD4+ T lymphocytes) exhibit any deleterious affects 96 post- 

transduction when compared to the non-transduced and parental vector transduced 

controls (Figure 22)  
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Figure 22.  MTT Assay to Assess Cell Viability Post SIN-LV Transduction. 
 
SupT1 cells were transduced with SIN-LVs at an m.o.i=5 and cell viability for non-
transduced pHIV, PKR and 2-5OAS transduced Sup T1 cells was assayed by the MTT 
assay 96 hr post-transduction (A).  CD4+ T lymphocytes were transduced with an m.o.i 
=10 x 3time and cell viability for non-transduced pHIV, PKR and 2-5OAS CD4+ T 
lymphocytes was assayed by the MTT assay 96 hr post-transduction final transduction 
(B).  Abs.—Absorbance at 570nm.   
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  3.9  B)  Induction of Apoptosis during HIV-1 Challenge of Transduced Cells 
 
Both PKR and 2-5OAS can induce apoptosis by activation of the caspase pathways, 

which converges with caspase-3 activation (Kaufman, 1999; Rusch et al.,  2000).  

Therefore, flow cytometric analysis was performed to measure the activation of apoptosis 

by active caspase-3 was used to assess the induction of apoptosis during the course of 

HIV-1 infected SupT1 cells and CD4+ T lymphocytes after SIN-LV mediated 

transduction of PKR and 2-5OAS.  There is no evidence for the induction of apoptosis in 

either SupT1 cells or CD4+ T lymphocytes transduced with either PKR or 2-5OAS when 

compared to non-transduced and pHIV transduced control as is measured from time 

points 0 through 48 hr post HIV-1 challenge (Figures 23 & 24).   
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Figure 23.  Flow Cytometric Analysis of Active Caspase-3 in Transduced SupT1 
Cells.  
 
 Cells were transduced with pHIV(empty vector control), pHIV/PKR and pHIV/2-5OAS 
as indicated and expanded in culture for 5 days. SupT1 cells were infected with HIV-1 
(MN strain, m.o.i=0.1) Apoptosis was monitored for four time points, 0hr, 12hr, 24hr, 
and 48hr post HIV-1 infection.  Cells were then harvest, fixed and  labeled with anti-
active caspase-3 antibody as described in Materials and Methods.  Histograms of the 
mean linear fluorescence intensity profile are shown.  The active caspace-3 positive cell 
populations were determined by comparing fluorescence intensity of the positive control 
cells with the auto-fluorescence in the negative cell population.  The positive  control for 
the assay was campthothecin-treated cells (prepared as described in Materials and 
Methods).   
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Figure 24.  Flow Cytometric Analysis of Active Caspase-3 in Transduced CD4+ T 
Lymphocytes.   
 
Cells were transduced with pHIV(empty vector control), pHIV/PKR and pHIV/2-5OAS 
as indicated and expanded in culture for 5 days. SupT1 cells were infected with HIV-1 
(MN strain, m.o.i= 1) Apoptosis was monitored for four time points, 0hr, 12hr, 24hr, and 
48hr post HIV-1 infection.  Cells were then harvest, fixed and  labeled with anti-active 
caspase-3 antibody as described in Materials and Methods.  Histograms of the mean 
linear fluorescence intensity profile are shown.  The active caspace-3 positive cell 
populations were determined by comparing fluorescence intensity of the positive control 
cells with the auto-fluorescence in the negative cell population.  The positive  control for 
the assay was campthothecin-treated cells (prepared as described in Materials and 
Methods).   
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3.10   HIV-1 Infection of SIN-LV   Transduced  SupT1 Cells and CD4+ T 
Lymphocytes. 
 

SupT1 T lymphoblastoid cells lines and CD4+ T lymphocytes were modified 

allowing for the expression of PKR and 2-5OAS under the transcriptional activity of the 

constitutive promoter CMV.  The over expression of both transgenes PKR and 2-5OAS 

in transduced cells demonstrated positive response during HIV-1 infection by inhibiting 

HIV-1 replication as is seen by both syncytia formation (Figures 25-28) and p24 ELISA 

assay (Figures 29 -30).   

 
3.10A    Syncytia Assay 
 

Both the PKR and 2-5OAS transduced SupT1 cells and CD4+ T lymphocytes 

exhibited a marked reduction in syncytia formation.  When compared to non-transduced 

SupT1 cells and pHIV transduced SupT1 cells, PKR transduced SupT1 cells exhibited a 

≥ 16.4 fold reduction in syncytia formation (Figure 25), while the 2-5OAS transduced 

SupT1 cells exhibited a ≥ 14.4 fold reduction of syncytia formation (Figure 26).   
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Figure 25.  HIV-1 Challenge of PKR Transduced SupT1 Cells. 
 
Challenge of pHIV/PKR transduced SupT1 cells with HIV-1.  The pHIV and pHIV/PKR 
transduced clones and SupT1 cells were infected with HIV-1 (IIIB strain, m.o.i=0.1).   
Syncytia were scored in triplicate at multiple dilutions.  A single syncytia score was 
calculated as described in Materials and Methods.    
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Figure 26.  HIV-1 Challenge of 2-5OAS Transduced SupT1 Cells. 
 
Challenge of pHIV/2-5OAS transduced SupT1 cells with HIV-1.  The pHIV and 
pHIV/PKR transduced clones and SupT1 cells were infected with HIV-1 (IIIB strain, 
m.o.i=0.1).   Syncytia were scored in triplicate at multiple dilutions.  A single syncytia 
score was calculated as described in Materials and Methods.    
 
 
 
A similar outcome is demonstrated with the PKR and 2-5OAS transduced CD4+ T 

lymphocytes.  PKR transduced CD4+ T lymphocytes also show a marked reduction in 

syncytia formation when compared to the non-transduced and pHIV transduced controls.  

Represented here is a reduction of syncytia of ≥ 12.6 fold when compared to the controls 

(Figure 27) while the 2-5OAS transduced CD4+ T lymphocytes exhibited ≥ 10.1 fold to 

the control CD4+ T lymphocytes (Figure 28).   
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Figure 27.  Challenge of PKR Transduced CD4+ T Lymphocytes. 
 
Challenge of pHIV/PKR transduced CD4+ T lymphocytes with HIV-1.  The pHIV and 
pHIV/PKR transduced clones and SupT1 cells were infected with HIV-1 (IIIB strain, 
m.o.i=1).  Syncytia were scored in triplicate at multiple dilutions.  A single syncytia score 
was calculated as described in Materials and Methods.    
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Figure 28.  Challenge of 2-5OAS Transduced CD4+ T Lymphocytes. 
  
Challenge of pHIV/2-5OAS transduced CD4+ T lymphocytes with HIV-1.  The pHIV 
and pHIV/2-5OAS transduced clones and SupT1 cells were infected with HIV-1 (IIIB 
strain, m.o.i=1).  Syncytia were scored in triplicate at multiple dilutions.  A single 
syncytia score was calculated as described in Materials and Methods.    
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3.10B    Inhibition of HIV-1 Replication in PKR Transduced SupT1 Cells  
Determined by p24 ELISA 
  

Parallel to the syncytia experiments is the p24 ELISA assay, which is a 

quantitative measure of HIV-1 replication.  In SupT1 cells and CD4+ T lymphocytes, the 

over-expression of both PKR and 2-5OAS restricts HIV-1 replication (Figures 29-32).  In 

SupT1 cells, PKR inhibits HIV-1 replication by an average of 13 fold when compared to 

the non-transduced and pHIV transduced controls 9 days post HIV-1 infection (Figure 9).  

A similar result is observed in 2-5OAS transduced SupT1 cells.  However, the reduction 

of HIV-1 replication is ≤ 10 fold when compared to the control SupT1 cells (Figure 30).    

HIV-1 replication is also restricted in PKR and 2-5OAS transduced CD4+ T lymphocytes 

(Figures 31-32).  Although SIN-LV transduction efficiency is > 65% in CD4+ primary T 

lymphocytes for both PRK and 2-5OAS, HIV-1 replication is significantly retarded in 

these transduced cells.  By 9 days post HIV-1 infection, PKR transduced CD4+ primary T 

lymphocytes exhibit approximately 7-fold decrease in HIV-1 replication.  CD4+ primary 

T lymphocytes  transduced with 2-5OAS also show a significant reduction of viral 

replication.  By day 9, there is < 7-fold reduction of HIV-1 replication.  These data in 

SupT1 cells and CD4+ primary T lymphocytes are reflective with previous studies in 

which restriction levels as was observed in SupT1 cells and CD34+ progeny cells (T 

lymphocytes) by a HIV-1 based lentiviral LTR driven over-expression of PKR (Adelson 

et al., 1999; Dimitrova,  Yang et al., 2000). 
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Inhibition of HIV-1 replication in PKR Transduced SupT1 Cells as Determined by 
p24 ELISA 

 

  
 
 
Figure 29.  Inhibition of Replication of HIV-1 in pHIV/PKR Transduced SupT1 
cells.   
 
Inhibition of replication of HIV-1 in pHIV/PKR transduced SupT1 cells.  SupT1 cells 
were transduced at an m.o.i = 5 with concentrated SIN-LV supernatants with empty 
vector control (pHIV) or with vector containing PKR (pHIV/PKR) and  challenged with 
HIV-1  as is described in Materials and Methods.  Briefly, SupT1 cells were transduced 
with pHIV (negative control vector), pHIV/PKR or with medium (SupT1 control), 
followed by infection with HIV-1 (MN strain m.o.i=0.1).  HIV-1 replication was 
quantified by ELISA of p24 antigen present in culture supernatants on days, 3, 6, and 9 
post HIV-1 infection.  Data is representative of the average of three independent 
experiments done in triplicate.  * p < 0.01. 
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Figure 30.  Inhibition of Replication of HIV-1 in pHIV/2-5OAS Transduced SupT1 
cells.   
 
SupT1 cells were transduced at an m.o.i = 5 with concentrated SIN-LV supernatants with 
empty vector control (pHIV) or with vector containing 2-5OAS (pHIV/2-5OAS) and  
challenged with HIV-1  as is described in Materials and Methods.  Briefly, SupT1 cells 
were transduced with pHIV (negative control vector), pHIV/2-5OAS or with medium 
(SupT1 control), followed by infection with HIV-1 (MN strain m.o.i=0.1).  HIV-1 
replication was quantified by ELISA of p24 antigen present in culture supernatants on 
days, 3, 6, and 9 post HIV-1 infection.  Data is representative of the average of three 
independent experiments done in triplicate.  * p < 0.01. 
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Figure 31.  Inhibition of Replication of HIV-1 in pHIV/PKR transduced CD4+ T 
Lymphocytes.   
 
CD4+ T  cells were transduced at an m.o.i = 10 x 3 with concentrated SIN-LV 
supernatants with empty vector control (pHIV) or with vector containing PKR 
(pHIV/PKR) and  challenged with HIV-1  as is described in Materials and Methods.  
Briefly, CD4+ T cells were transduced with pHIV (negative control vector), pHIV/PKR 
or with medium (CD4+ T cells, control), followed by infection with HIV-1 (MN strain 
m.o.i=1).  HIV-1 replication was quantified by ELISA of p24 antigen present in culture 
supernatants on days, 3, 6, and 9 post HIV-1 infection.  Data is representative of the 
average of three independent experiments done in triplicate.  * p < 0.01. 
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Figure 32.  Inhibition of Replication of HIV-1 in pHIV/2-5OAS Transduced CD4+ T 
Lymphocytes.   
 
CD4+ cells were transduced at an m.o.i =10 x 3 with concentrated SIN-LV supernatants 
with empty vector control (pHIV) or with vector containing 2-5OAS (pHIV/2-5OAS) and  
challenged with HIV-1  as is described in Materials and Methods.  Briefly, CD4+ cells 
were transduced with pHIV (negative control vector), pHIV/2-5OAS or with medium 
(CD4+ T cells, control), followed by infection with HIV-1 (MN strain m.o.i=1).  HIV-1 
replication was quantified by ELISA of p24 antigen present in culture supernatants on 
days, 3, 6, and 9 post HIV-1 infection.  Data is representative of the average of three 
independent experiments done in triplicate.  * p < 0.01. 
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 CHAPTER 4 

                                                DISCUSSION 

4.1   Drawbacks to Current HIV-1 Therapies  

Long term survival and HIV-1 disease remission is achievable by the use of a host 

of combination therapies of anti-retroviral agents, also know as HAART.  These therapies 

provide for the suppression of plasma viral loads to less than the limit of quantification of 

the most sensitive assays with concurrent association of improvement of CD4+ T cell 

populations, with concomitant resolution of HIV-1 associated opportunistic infections.    

Current treatment of HIV-1 infection consist of several classes of anti-retrovirals.  These 

anti-HIV-1 drugs include the following:  Nucleoside Reverse Transcriptase Inhibitors 

(NRTIs); Nonnucleoside Reverse Transcriptase Inhibitors (NNRTIs); Fusion Inhibitors; 

Chemokine Coreceptor Antagonists; Integrase Inhibitors; and Protease Inhibitors (PIs).  

As individual anti-retrovirals, all of these compounds significantly reduces HIV-1 

replication and viral titers levels in infected patients.  Typically, it is recommended that 

patients be placed on anti-viral therapy at a point when their resting CD4+ T lymphocytes 

fall below 5.0 x 108 cell/L and when HIV-1 RNA levels right higher than, 30,000 to 

50,000 copies/ml (Carpenter, et al., 1996).    Patients who are placed on anti-viral 

therapies are typically administered three or four drugs to dampen the potential of viral 

resistance.  Although the application of these anti- HIV-1 therapeutics have led to the 

significant reduction of AIDS related morbidity and mortality (Palella, et al, 1998; 

Detels, et al., 1998; Hoggs, et al, 1999),   all of these drugs have been met with unwanted  

outcomes, and with short and long-term toxic side effects.  Approximately 25% of 
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patients fail to maintain  HAART, due to drug failure, which is the inability to suppress 

HIV viral replication to below current limit of 50 copies/ml, non-compliance and adverse 

effects. The risk associated with these drugs varies from drug to drug and from drug 

classes.  These effects aren’t limited to a common rash or nausea, but may include some 

more alarming physiological occurrences such as lactic acidosis, heptotoxicity, 

hyperglycemia, pancreatitis and an array of other physiological responses (Carr et 

al,(2000); Sulkowsk et al, 2000; Dube, 2000).   Prolong treatment with a combination 

regimen can be problematic to sustain due to these issues of adherence and toxic effects 

(d’Arminio Monforte et al., (1999);Lucas et al., 1999). 

In addition to the short and long term issues associated with HAART, anti-

retrovirals are not cures.  It has been suggested that long term treatment with HAART 

may result in eradication in patients who maintain uninterrupted therapy (Cavert et al, 

1997; Perelson et al., 1997).  However, of concern are the stores of HIV-1 laying 

quiescently in non-replicating memory CD4+ T lymphocytes immune cells (Brenchley et 

al., 2004; Chun et al., 1997a).  These latent viral reservoirs of HIV-1 are not susceptible 

to our current therapeutics since they are not going through a replication cycle.  Studies 

have demonstrated that after long term use of HAART HIV-1 is recoverable from cells 

isolated from patients with viral suppression.  These non-replicating reservoirs of virus 

are in fact, replication competent and possess the ability to replenish viral load on 

activation and on HAART interruption (Chun et al., 1997b). With approximately 44 

months half life, the HIV-1 reservoirs have the capacity to re-initiate the replication 

infectious cycle.  Consequently, it has been estimated that with current HIV-1 therapies 

that it would be over 60 years to render cure (Finzi et al., 1999).  And finally, one major 
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issue with HIV-1 therapies is the emergence and rise of drug-resistant or multidrug 

resistant strains of HIV.  This has been demonstrated by the increase in the transmission 

of these viruses (Wensing and Boucher, 2003; Wensing, et al, 2005).  All these concerns 

about HAART (toxicities, HAART failure, drug resistance,) has encouraged new 

approaches for the treatment of HIV-1.   

4.2  Potential Impact of Intracellular Immunizations in the Therapy of HIV-1 

Infection 

As AIDS is a disruption of the infected host immune system and has clearly been  

defined by the depletion of CD4+ T lymphocytes, protecting T cell compartment, CD4+ T 

lymphocytes, and HSCs by genetic modification may one day hold as a clean therapeutic 

approach to halting HIV-1 assault on infected persons.  Genetic modification of cells for 

HIV-1 therapy has been in place since the 1990s as proof of completed and ongoing 

clinical trials.  Although much praiseworthy work has been completed in vitro in the 

studies of engineering HIV-1 proof cells, the noteworthy in vivo outcomes remain 

theoretical.  Clinical approaches are problematic, because investigators are left to 

speculate about the complex nature between HIV replication, T cell homeostasis and the   

anti-HIV immunity. However, this burgeoning strategy for the treatment of HIV-1 

infection has been met by optimistic researchers in their hope of the prospects of 

engineering new genetic molecular approaches to treat this infection.  And so, many 

researchers have implemented various genetic approaches in the laboratory and in the 

clinical setting to determine the effectiveness of gene therapy treatment against HIV-1.   
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Several classes of anti-HIV transgenes are at various stages of development.  So far, 

many have been proven to inhibit HIV-1 replication through in vitro studies.  These 

genetic systems include dominant negative mutant proteins, intracellular antibodies, 

antisense, RNA decoys, ribozymes, interfering RNA and HIV-1 activated receptors.  

Care must be taken when developing a new gene approach for any form of therapy since 

researchers must be concerned about its efficacy, safety, durability and, with viral 

infection like HIV-1, viral evolution.  Investigators must, however,  be deliberate in their 

design of therapeutic genes to ensure low immunogenicity  to prevent rejection of 

modified cells.   

Genes encoding dominant negative proteins, which interfere with the HIV like cycle, 

have been tested.  These proteins were designed to target both the viral and cellular 

protein components involve in HIV-1 replication cycle.  Examples include, but not 

limited to, dominant negative protein, Rev M10, which was developed and tested and 

shown to interfere with efficient nuclear export of unspliced genomic HIV RNA to 

progeny viral particles.  This approach of inhibiting viral replication has been 

demonstrated to be successful in down regulating HIV-1 replication (Malim et al., 1989, 

1992).  Furthermore, it has been documented in the clinical setting that cells genetically 

modified to express this dominant negative Rev M10 have a survival advantage over non-

Rev M10 expressing cells when re-infused into HIV-1 infected individuals (Ranga, et al., 

1998; Morgan, et al., 2005).  Other viral targets include the Gag protein and proteins 

involved during the late stages of HIV-1 viral life cycle. Trans-dominant mutants have 

been designed and exhibit effective anti-viral responses in vitro (Trono, et al., 1989; Cara 

et al., 1998).  Others have utilized trans-dominant mutant for the Vif protein for HIV-1.  



 103

The data obtain so far have demonstrated disruption of wild-type Vif function by 

interfering with its oligo-merization (Yang, et al., 2001, 2003).  These experiments hold 

firm the potential utility of mutant protein for the inhibition of HIV-1 replication.  Other 

researchers have chosen instead to use genes that encode intrabodies, which are 

intracellular recombinant antibodies that target and interfere with both viral and cellular 

components necessary for the replication of HIV-1.  (Deepanker, Tewari, 2003; 

Herchhorn et al., 2003).  Furthermore, trans-dominant mutants varients of CCR5 have 

been shown to interfere with the infection of CD4+ T lymphocytes (Luis Abad, et al., 

2003).  This is supported by the fact that individuals who are homozygous for a 32 bp 

deletion mutant of CCR5 receptor are more resistant to the R5 strains of HIV-1.  

Lentiviral mediated gene delivery of HIV-1 env antisense and small interfering RNA 

(SiRNA) against CCR5 has been show to inhibit HIV-1 replication in CD4+ T 

lymphocytes.   Additionally, they are instances in which retrovirally mediated 

introduction of anti-HIV genetic payloads inhibit HIV-1 replication.  These anti-HIV 

genes were retrovirally transduced into CD34+ cells isolated from HIV-1 infected 

individuals.  These newly manipulated cells exhibited inhibition of HIV-1 replication 

(Bauer, et al., 1997).  

This report confirms the use of the natural  innate anti-viral pathway, the IFN system, 

for genetic purposes in the treatment of HIV-1 infection.  Specifically, IFN induced 

enzymes, PKR and 2-5OAS, are particularly excellent candidates for use in gene 

manipulation for the treatment of HIV-1 infection and AIDS.  Since HIV-1 has evolved 

an exquisite mechanism to down regulate the actions of both PKR and 2-5OAS, it is 

logical to consider the genetic up-regulation of both enzymes as a counter-balance against 
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HIV-1.  Many viruses, along with HIV-1, encode proteins and other factors which act in 

opposition of IFN system and IFN induced genes and enzymes (Samual, 2001; Sen, 2001, 

Goodbourn, et al., 2000). HIV TAR RNA acts as the dsRNA activators of both PKR and 

2-5OAS).  However, in the later stages of infection, or HIV-1 replication cycle, HIV-1 

Tat protein binds TAR RNA and sequester TAR RNA from both PKR and 2-5OAS, 

thereby, preventing activation of either enzyme.  (Samuel, 2001). HIV-1 also induces a 

decrease in the expression of genes associated with and regulate innate immunity 

(Bosinger, et al., 2004).  Therefore, the natural down-regulated innate immune pathways 

of PKR and 2-5OAS may serve as potential candidates for intracellular immunization 

against HIV-1.   Both PKR and 2-5OAS are interesting options for genetic therapies 

against HIV-1 infection since both are involved in naturally involved in inhibiting viral 

replication and hampering viral dissemination to un-infected cells.  Another appealing 

quality of PKR and 2-5OAS are that they are naturally occurring to mammalian cells.  

Therefore, as natural components of the IFN system, the use of these genes will result in 

an immune response.  And finally; although viruses have evolved exquisite strategies to 

circumvent the many IFN induced pathways, the use of PKR and 2-5OAS will not 

generate  resistance, since these two enzymes are dsRNA induced.   

Previous studies in these laboratories have demonstrated the potential for using gene 

therapy to arrest HIV-1 replication.  We have previously shown evidences whereby the 

retroviral and lentiviral mediated transduction of PKR to target cells effectively arrested 

HIV-1 replication (Adelson et al., 1999; Muto et al., 1999; Dimitrova, Yang et al., 2005).  

We showed that the over expression of PKR in transduced cells control HIV-1 replication 

by enhancing the phosphorylation of eIF-2α, which resulting in total cellular and viral 



 105

translation.  This thesis involves the use of exogenous sources of both PKR and 2-5OAS 

as genetic therapeutic options for the potential treatment of HIV-1 infection. Here we 

used the self-inactivating lentiviral system.  These vectors are known for their high 

efficiency of transduction in many cell types.    In here we present data that confirms that 

the over-expression of PKR in target cells is effective in halting HIV-1 replication.  We 

also demonstrate the effects of 2-5OAS expression.  We see depletion in HIV-1 

replication when compared to the control cells.  Self-inactivating lentiviral mediated 

transduction encoding both these IFN induced enzymes PKR and 2-5OAS effectively 

reduces HIV-1 replication (Figures 29-32) as was determined by p24 ELISA assay and 

by the infected centers assay.  Previous and on going studies in these laboratories 

demonstrate that gene therapy carrying these anti-HIV-1 transgenes may be potentially 

valuable for the induction of HIV-1 resistance in CD4+ T lymphocytes and CD34+ HSCs.   

In addition, the use of 2-5A analog agonist has demonstrated the potential for the 

development of new procedures and strategies for controlling and inhibiting HIV-1 

replication (Dimitrova, et al., 2007; Homan et al., 2002).   

In summary, a self-inactivating lentiviral vector encoding both PKR and 2-5OAS 

transgenes has been designed and we have demonstrate that the self-inactivating lentiviral 

vector system (SIN-LV), pHIV vector, encoding both PKR (pHIV/PKR) and 2-5OAS 

(pHIV/2-5OAS) can effectively transduce both SupT1 cells (> 95% transduction 

efficiency) and primary CD4+ T lymphocytes (> 65% transduction efficiency).  We also 

demonstrate here the effective use of our genetic payloads, PKR and 2-5OAS, in 

inhibiting HIV-1 replication.  These data represents utility of using the IFN enzymes 

PKR and 2-5OAS for gene delivery in the inhibition of HIV-1 infected cells. 
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